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ABSTRACT

Digre, Daniel MSAE, Embry-Riddle Aeronautical University, December 2015. The
Three-Dimensional Turbulent Boundary Layer on a Rotating Disk.

Three-dimensional turbulent boundary layers (3DTBL) are seen quite commonly
in nature as well as in engineering applications. Despite this, very few high Reynolds
number studies have been carried out on these boundary layers, particularly focusing
on eddy structure, eddy scales and their interactions. The current study focused on
developing, characterizing and evaluating an experimental framework to study high
Reynolds number 3DTBL on a rotating disk with the long-term goal of carrying out
high-fidelity measurements. The rotating disk flow is characterized by weak centrifugal pumping which sets up the cross-flow that leads to turbulence. The tangential and
radial velocities were measured using hot-wire anemometry. The mean flow, turbulent
intensity, energy spectra, skewness and kurtosis of the flow have been analyzed and
compared with 2DTBL measurements. It was found that the measurements collapsed
well for z/δ > 0.3 − 0.4 in outer scaling. Closer to the wall and in inner scaling, collapse of the data was not achieved. The main associated errors were the disk flatness,
signal attenuation caused by spatial and temporal resolution challenges and hot-wire
conduction close to the wall. The encountered challenges and steps taken to address
these are discussed in detail.

1

1. Introduction

1.1

Background
For a variety of reasons, three dimensional turbulent boundary layers (3DTBL)

have been the focus of very few studies when compared to its two-dimensional counterpart. First, most 3DTBL experiments have been conducted on a perturbed twodimensional turbulent boundary layer (2DTBL), with the consequence that it is very
difficult to distinguish if the observed turbulent behavior is a result of the threedimensionality of the flow or of the perturbation enforced on the original boundary
layer. Second, because of practical constraints like temporal and spatial resolution,
most studies on wall-bounded flows have focused on the near-wall region and on low
Reynolds numbers (Marusic, Mathis, & Hutchins, 2010).
During the past fifteen years or so, the understanding of wall-bounded turbulent
flows have improved significantly, particularly in the case of high Reynolds number
flows. New insight into scaling laws used for the turbulent statistics, use of turbulent
spectra, discoveries of a new class of turbulent motion many times larger than the
characteristic flow dimensions and a surprising connection between small and large
scale turbulent structures in the flow, are examples of some of the recent advances.
(Marusic, Mathis, & Hutchins, 2010; J. C. Klewicki, 2010; Smits, McKeon, & Marusic,
2011).

2
The challenge today is shifting from acquiring accurate measurements to making
sense of the vast amount of data recorded (Littell, 1991). With better measurement
techniques, instrumentation and computer processing power, it is now possible to
directly measure the near-wall effects of turbulence while achieving better spatial and
temporal resolutions, in general (Littell, 1991).
Owing to their difficulty, only a few experimental studies have focused on high
Reynolds number turbulent boundary layers, even for two-dimensional flow. The
available studies, nevertheless, have shown interesting effects of turbulence at these
high Reynolds numbers. Some of these effects are the contribution of the large-scale
turbulent structures, in the outer part of the boundary layer, to the bulk turbulent
energy production, as well as an amplitude and frequency modulation of the nearwall structures (Marusic, Mathis, & Hutchins, 2010; Marusic, McKeon, et al., 2010;
J. C. Klewicki, 2010).
The rotating boundary layer is relevant in many practical applications. For example, the cross-flow instability is the instability that leads to turbulence on both
the rotating disk surface and on the leading edge of swept wings (Saric & Reed, 2003;
Reed & Saric, 1989). The origin of the cross-flow instability, is however, different
between the two cases. On the swept wing the cross-flow instability is caused by the
component of incoming flow travelling along the leading edge and crossing the component of the incoming flow that passes over the wing. On the rotating disk there is a
component of flow outwards on the disk caused by the centrifugal force that is present
in all rotating systems. This flow component disturbs the flow moving tangential to
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the disk surface, and is the cause of the cross-flow instability in the rotating disk
flow.
As stated by Saric & Reed (2003), several studies have been carried out to understand and control the cross-flow instability on swept wings to promote laminar flow.
This mechanism is referred to as laminar flow control (LFC). Understanding the turbulence characteristic on the rotating disk may shed light on how to help control the
cross-flow instability (Kohama, 1987).
Another motivation to study high Reynolds number flows, is the recent discovery indicating that large scale turbulent structures in turbulent boundary layers can
directly influence the small-scale near-wall turbulent structures (Marusic, Mathis, &
Hutchins, 2010). Understanding this phenomenon may lead to the ability to control
the near-wall turbulence by perturbing the large-scale structures. A clear application
of this is the reduction of the turbulent wall shear stress.
Three-dimensional turbulent boundary layers are present in practically every application that is based on fluid flow (Littell, 1991). Specific to aerospace engineering, turbomachinery and rotors are examples of devices that could benefit from an
increased understanding of the structure of the rotating disk three-dimensional turbulent boundary layer.

1.2

Literature Review
This chapter will discuss our current understanding of three dimensional turbulent

boundary layers and related problems in general, as well as the rotating disk flow and
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the associated turbulent boundary layer specifically. This discussion is to establish
the importance of 3DTBLs, especially the need for measurements of these at high
Reynolds numbers.

1.2.1

Rotating Disk Flow

The laminar rotating disk flow has been studied extensively, and an exact similarity solution was proposed by von Kármán while considering an infinite disk rotating
in a quiescent fluid (von Karman & Pohlhausen, 1921). In such flows, the boundary
layer becomes independent of the radius (von Karman & Pohlhausen, 1921; Imayama
et al., 2014). Von Kármán deduced that the only pertinent dimension in the problem
was the distance from the disk surface, an assumption that made the problem solvable
by applying similarity methods (von Karman & Pohlhausen, 1921; Littell, 1991).
Although the solution to the laminar rotating disk problem has existed for quite
a while, only few studies have been carried out on the turbulent boundary layer over
a rotating disk, despite its importance in terms of fundamental scientific interest and
technical applications (Imayama et al., 2014).
The characteristic driving process of the rotating disk flowfield, is inefficient centrifugal pumping. Because of the centrifugal force on the rotating flow, there will be
a net radial volumetric flow leaving the disk, which is compensated for by entraining
fluid, initially at rest, from above the disk surface, as illustrated in Figure 1.1.
As previously noted, it is the cross-flow instability that leads to the breakdown of
laminar flow into turbulence on the rotating disk. This breakdown is caused by the
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Figure 1.1. Schematic of streamlines on rotating disk flow. Figure
taken from (Littell, 1991).

unstable inflection point of the cross-flow in the velocity profile (refer to Figure 1.3b).
During transition, the laminar flow roll up into streamwise vortices that spiral outward
at some shallow angle to the tangent, then developing a secondary instability of small
vortices wrapped around the main vortices, before braking into full turbulence (Littell,
1991). It has been shown that the rotating disk flow will transition from laminar to
turbulent flow very quickly and that turbulent flow is considered to be fully developed
at Re ≈ 423, 000 (Imayama et al., 2012). Here the Reynolds number is defined as:
Re =

Ωr 2
ν

(1.1)

where Re is the local disk Reynolds number, Ω is the angular velocity in radians
per second, r is the local radius in meters and ν is the kinematic viscosity in m2 /s.
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The rotating disk flow has many advantages that help simplify the analysis of
3DTBL. First, the flow inherently develops in three dimensions due to the rotation,
therefore no perturbation of the flow is needed to make the boundary layer threedimensional. This removes the issue of not knowing if the observed characteristics
are a general feature of boundary layers with a mean flow three-dimensionality, or an
artefact of the type of perturbation imposed on a two-dimensional boundary layer.
Second, because of the flow being axissymmetric, the problem is simplified by the
removal of a dependent dimension. Unlike the laminar infinite rotating disk problem
however, the thickness of the rotating disk turbulent boundary layer changes with
radial location. Therefore, it is not possible to obtain a similarity solution for the
rotating disk 3DTBL problem (Imayama et al., 2014). However, according to Littell
(1991), the variations in the radial direction is found to be negligible. Third, the local
disk Reynolds number is easily controlled by changing the rotational velocity (refer
to Eq. 1.1). Fourth, the flow velocity is largest closest to the disk, which will limit
the effect of heat conduction from the hot-wire probe to the wall (Imayama et al.,
2014).
One of the disadvantages with the rotating disk flow is that the Coriolis effect
complicates the analysis and potentially modifies the turbulent structures. It has
been shown by (Littell, 1991) that this effect is negligible for the primary shear stress
−uv, but has a significant contribution to the secondary shear stress −vw. Here u, v
and w are the fluctuating components of the velocity in the x, y and z directions
respectively, while ( ) indicates that the values are time-averaged.

7
Governing Equations
The governing equations for the rotating disk turbulent boundary layer are the
full incompressible Navier-Stokes equations with no body forces. In vector form in
the rotating frame of reference, these equations are
D~u
~ × ~u = − 1 ▽ p∗ + ν ▽2 ~u
+ 2Ω
Dt
ρ
▽ · ~u = 0

(1.2)
(1.3)

Here, Ω is the angular velocity of the rotating coordinate system and p∗ is the
modified pressure, which is defined as
1 ~
p∗ = p − ( Ω
× ~x)2
ρ

(1.4)

where ~x is the position vector referenced from the axis of rotation.
The derivation of the boundary layer equations from Eq. 1.2 is carried out in
Littell (1991); Cham & Head (1969) and is not repeated here, only the final equation set will be presented. In keeping with classic turbulence studies the velocity is
decomposed using Reynolds decomposition. Considering for example the streamwise
velocity component: Û = U + u. Here, Û is the the instantaneous (total) velocity,
U is the mean velocity and u is the fluctuating component of velocity. This is then
substituted into Eq. 1.2 and time-averaged.
The result is the familiar Reynolds Averaged Navier-Stokes (RANS) equations,
expressed in cylindrical coordinates. While the full N-S equations are closed (same
number of unknowns and equations), the RANS equations have more unknown vari-
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ables than available equations because of the introduction of the Reynolds stress terms
(Littell, 1991). One of the reasons turbulence is studied is to express these stresses in
terms of flow velocities, pressure and their gradients, which is the field of turbulence
modeling. This, however, requires a thorough experimental characterization of the
flow.
For the rotating disk, the N-S equations need to be expressed in cylindrical coordinates to take advantage of the symmetry of the disk. Notice that most other
studies are expressed in Cartesian coordinates, so to be able to compare the results
with those of the current study, a coordinate transformation must later be applied.
Following the notation of Littell (1991), the coordinate transformation is
[Ûr , Uˆφ , Ûz ] = [V̂ , −Û , Ŵ ]

(1.5)

This transformation is chosen such that a positive velocity in the x-direction (Û )
in the rotating frame of reference is achieved. Here z is chosen as the wall-normal
coordinate, y is pointing radially outwards from the rotational axis and x is taken to
be tangential to, but opposite in direction, to the rotation of the disk. In its rotating
frame of reference, the adapted coordinate system is shown in Figure 1.2.
Carrying out Reynolds decomposition, taking the mean of the equations and introducing the boundary layer approximations, the Navier-Stokes equations in cylindrical
coordinates reduce to (Littell, 1991):
Ur





 2
∂Uφ
∂uz uφ ur uφ
∂Uφ Ur Uφ
Uφ
∂ Uφ
−
+ 2Ω + Uz
+
=ν
U
−
−
φ
∂r
∂z
r
∂z 2
r2
∂z
r

(1.6)
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Figure 1.2. Schematic showing the coordinate system in the rotating
frame of reference.
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−

∂uz ur uφ uφ
+
(1.7)
∂z
r
(1.8)

where Ur , Uφ , and Uz are the mean velocity components in the radial, tangential
and axial directions respectively, ur , uφ and uz are the fluctuating velocity components
in the radial, tangential and axial directions respectively and Ω is the rotational
velocity.
Notice that the mean of the fluctuating components of velocity is by definition
zero; i.e.,

ur = uφ = uz ≡ 0

(1.9)

10
1.2.2

3D Turbulent Boundary Layers (3DTBL)

A three-dimensional turbulent boundary layer (3DTBL) is defined as a wallbounded shear flow in which the mean velocity direction changes continuously with
the distance from the wall (Littell, 1991). In comparison, in a two-dimensional turbulent boundary layer the maximum mean velocity is oriented in the same direction
as the freestream velocity. Two mechanisms of interest to this study, through which
3DTBL develops, are the pressure-driven turbulent boundary layer and the rotating
disk turbulent boundary layer (see Figure 1.3).

(a) Pressure-driven 3DTBL.

(b) Rotating disk 3DTBL.

Figure 1.3. Schematic of the velocity profile developed by (a) a pressure driven 3DTBL and (b) a rotating disk 3DTBL (Littell, 1991).

Considering a pressure-driven 3DTBL (Figure 1.3a) the X-direction is aligned
with the freestream velocity. Littell (1991) states that the simplest manner in which
such a pressure-driven 3DTBL develops is when a 2DTBL flow approaches an object
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that it needs to flow around. The object will exert a pressure gradient perpendicular
to the flow direction which causes the flow to turn. Consequently, the slower fluid
closer to the wall will spend more time being accelerated away from the object.
The resulting cross-flow therefore increases closer to the wall. However, the no-slip
condition must be enforced at the wall, thus the cross-flow component of the velocity
must be zero at the wall. This behavior creates a peaked profile with the maximum
velocity component some distance away from the wall, as shown in Figure 1.3a.
Considering the rotating disk 3DTBL shown in Figure 1.3b, the disk rotates in a
fluid that is initially quiescent. The no-slip condition will drag the fluid in contact
with the disk along, creating the tangential velocity profile, as shown in Figure 1.3b.
Because of the rotation, the fluid will experience a centrifugal force acting outward in
the radial direction which will be proportional in magnitude to its tangential velocity.
The tangential velocity increases closer to the wall, and thus, so does the radial velocity. However, the no-slip condition must be enforced in the radial velocity direction
as well, causing the same peaked velocity profile as was observed in the Z-direction of
the pressure driven 3DTBL (Figure 1.3a). The cause however is the centrifugal force,
as opposed to the pressure gradient (Littell, 1991).
The similarity between the rotating disk flow and a pressure-driven boundary layer
flow becomes even more evident if one views the rotating disk flow from a coordinate
system fixed to the disk surface as opposed to the lab-fixed coordinate system in
Figure 1.3b. In the rotating coordinate system the disk surface will be at rest and
the fluid will flow above it in the direction opposite of the rotational direction of

12
the disk. Because of the lack of a pressure gradient in the radial direction, there is
no force present large enough to turn the flow such that it stays in circular motion
above the disk. As a result, the flow will be slung outwards, more so for flow with
higher tangential velocity. Because of the no slip condition, the fluid in contact with
the surface must be at rest in this case as well. Thus, the radial velocity profile
will be exactly as that in the laboratory coordinates as show in Figure 1.3a. The
shape of the tangential velocity profile component will also be exactly the same as
the pressure-driven 3DTBL profile shown in 1.3a, but facing in the opposite direction.

1.2.3

Scaling & High Reynolds Number Effects

As previously mentioned, it is only very recently that the effect of high Reynolds
numbers on wall-bounded turbulence and scaling laws has been considered. Very good
and detailed reviews on the advances in recent years are given by Marusic, Mathis, &
Hutchins (2010) and J. C. Klewicki (2010), explaining how the previous assumptions
concerning the scaling of turbulent boundary layers at high Reynolds numbers are
being challenged. Only those advances pertaining to the present study are discussed
in this document; the reader is referred to the original reviews for a complete account.

Scaling Laws Used in Turbulent Boundary Layers
The challenge of establishing scaling models is one of the most studied areas
in wall turbulence, with the goal of establishing a scaling law that would render
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the nondimensionalized function in question independent of the Reynolds number.
This has been achieved in laminar boundary layers and have allowed the governing
equations to be parameter free (J. C. Klewicki, 2010). On the other hand, developing
scaling laws for turbulent boundary layers are a lot more complicated owing to the
instabilities intrinsic to their dynamics, the randomness of their structure and time
variations. Thus, much of the present effort is geared towards establishing a successful
scaling of only the time-averaged parameters.
It has been shown that turbulent boundary layers require at least two different
types of scaling, the inner and outer scales. J. C. Klewicki (2010) describes the former
as follows:

“Inner scales are characteristic of the dynamics, motions, and phenomena associated with the direct interaction of the turbulent flow with the
wall and particularly with the mechanisms associated with the generation
of the wall shear force.”

The result of dimensional analysis yields a characteristic velocity scale, known as
the friction velocity, as given by
Uτ =

r

τw
ρ

(1.10)

where Uτ is the friction velocity, τw is the wall shear stress and ρ is the fluid density.
Note that the friction velocity can also be used as the outer characteristic velocity
scale (J. C. Klewicki, 2010). Combining the friction velocity with the kinematic
viscosity yields the inner length scale, ν/Uτ , and the inner time scale, ν/Uτ2 . The
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inner length scale provides a measure of the smallest turbulent motions in the flow.
The magnitude of the inner time scale is equal to the inverse of the mean wall vorticity,
Uτ2 /ν = |Ωz | and is representative of (not equal to) the highest frequency in the flow
(J. C. Klewicki, 2010). The convention is to denote variables normalized by any of
the inner scales with a superscript +, also referred to as “wall” units, and will be
used throughout this thesis.
The outer length scale is typically associated with the bulk motions in the boundary layer and is thus a characterization of the largest eddies in the flow. As a result,
the boundary layer thickness, δ, is usually used as the outer length scale for the flow
(J. C. Klewicki, 2010).
It has been commonly accepted that the turbulent eddies span a range of scales
between the smallest turbulent length scale O(ν/uτ ) and the largest turbulent length
scale O(δ). The Reynolds number based on these scales, sometimes called the von
Kármán number (most commonly denoted as δ + or Reτ ), reveals that the scale separation between the largest and smallest scales in the flow is directly proportional to
the Reynolds number (J. C. Klewicki, 2010).
Reτ = δ + =

δ
δuτ
=
ν/uτ
ν

(1.11)

It is therefore clear that increasing the Reynolds number will increase the scale
separation within the flow. One of the consequences of this separation is that measurement resolution becomes increasingly difficult. For large enough Reynolds numbers,
a significant amount of the turbulent motion will become small and encapsulate high
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frequencies that becomes challenging to accurately measure (J. C. Klewicki, 2010).
As a result of the often competing influences of achieving high Reynolds number flow
and good resolution it is often difficult to interpret results from various turbulent
boundary layer studies as they may be conflicting; usually a result of not paying close
enough attention to resolution effects.
Although still a debated subject, the rule of thumb is that to capture the dominant
physics of the flow, a sensor length of 20 viscous units or less (l+ = luτ /ν ≤ 20) is
sufficient. Other studies have however shown, that sensors as small as l+ ≈ 10
are influenced by signal attenuation in the near-wall region (Hutchins et al., 2009;
J. Klewicki & Falco, 1990), but that the attenuation is less than 10% for a sensor
length of l+ ≤ 20 (Hutchins et al., 2009).

Length Scale Hierarchy
It is common in turbulence studies to refer to the boundary layer as divided into
different layer structures, determined by the behavior of the mean velocity profile at
certain interval distances from the wall.
Figure 1.4 shows the commonly accepted layer structure. The layers of a representative mean velocity profile for a zero pressure gradient flat plate boundary layer
can be seen normalized by inner scales in Figure 1.4a. The viscous sublayer (layer
A) extends to about y + = 5, where the buffer layer (layer B) takes over and spans
approximately 5 < y + < 30. Layer C is the classical logarithmic layer and extends
from y + = 30 to around y/δ ≈ 0.2. The final layer (layer D) is known as the wake
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(a) Representation of inner-normalized mean profiles in turbulent boundary layers and its associated structure.

(b) Schematic of the layer structure of the mean velocity
profile based on an overlap layer hypothesis.

Figure 1.4. Mean velocity based structure of the turbulent boundary layer over a flat plate. Here, y is the wall-normal ordinate
(J. C. Klewicki, 2010).

layer, in the range 0.2 ≤ y/δ ≤ 1. In Figure 1.4, y is the wall-normal ordinate. Figure
1.4b is a schematic showing the scaling laws that are commonly applied to the various
areas. Inner scaling is employed in the viscous sublayer and buffer layers (layers A &
B) and can also be used in the logarithmic layer. Outer scaling can also be used in
the logarithmic layer however, as well as the outer, or wake region.
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Because the velocity profile behavior depends on the distance from the wall, it is
necessary to employ different mathematical solutions to different layers. Figure 1.4a
shows the mathematical approximations to the experimental data as black lines. In
the viscous sublayer, U + scales like z + , so the near-wall scaling U + = z + is employed.
Here, U + is the normalized velocity, defined as
U+ =

U
Uτ

(1.12)

where U is the mean streamwise velocity, Uτ the friction velocity and z is the
wall-normal ordinate.
In the log region, von Kármán proposed a solution that is known as the “Law of
the Wall”, i.e.,
U+ =

1
ln(z + ) + B
κ

(1.13)

Here κ, the von Kármán constant and B, the additive constant, are empirical
constants. The exact value of these constants, and the universality of κ, are some of
the questions currently being debated by the research community (Marusic, McKeon,
et al., 2010; J. C. Klewicki, 2010). J. C. Klewicki (2010) summarizes the debated
topic as follows:
“Mean profile measurements currently provide evidence that (i) the
logarithmic behavior of the traditional logarithmic layer profile is different
for a region near the wall, (ii) κ most rapidly approaches an approximately
constant limiting value in an outer subdomain of the logarithmic layer,
and (iii) this limiting value is different for different turbulent wall flows.”
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It must be noted however, that the logarithmic mean velocity profile (Law of
the Wall) is still a good approximation and appears more so with increasing Reτ
(J. C. Klewicki, 2010). The law of the wall is also commonly used for the wake
region, however with an added wake function term, as initially proposed by (Coles,
1956). In the buffer layer there are no mathematical fits to the velocity profile data.
The intersection of the two laws at around z + = 11 is where the discrepancy occurs,
with the linear approximation being better in the region z + < 11 and the law of the
wall being the better approximation for z + > 11.
The purpose of these mathematical fits to the experimental data is to estimate the
friction velocity because measuring accurately the wall shear stress is a notoriously
challenging problem. Because of the scaling separation effect, measuring the linear
velocity profile in the viscous sublayer is also increasingly difficult for higher Reynolds
numbers, as this region becomes smaller with increasing Reτ . Consequently, it is
common to use a fit to the law of the wall to estimate the friction velocity. In recent
years however, it has been questioned if the law of the wall is the best representation
of the intermediate region, and some researchers have claimed that a power law gives
a better representation. For a more detailed discussion on this, the reader is referred
to J. C. Klewicki (2010) and Smits, McKeon, & Marusic (2011).

Turbulent Kinetic Energy Production
Thus far, there have been a large focus on low Reynolds number experiments
that provide researchers with a thick boundary layer, making it easier to study the
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coherent near-wall motions (Smits, McKeon, & Marusic, 2011). The focus on nearwall region studies at low Reynolds numbers were also justified by the fact that most
of the turbulent kinetic energy production occurs within the viscous buffer layer, with
a peak at around z + ≈ 12 − 15 (Marusic, Mathis, & Hutchins, 2010). This is evident
from Figure 1.5a, which shows an estimate of the turbulent kinetic energy production,
defined as the product of Reynolds shear stress and mean shear, i.e.,
Pk =

+
+ dU
−uw
dz +

(1.14)

where Pk is the turbulent kinetic energy production, −uw+ is the Reynolds shear
stress and dU + /dz + is the mean shear.
Figure 1.5a shows only a very slight difference in the three curves as the Reynolds
number is increased. The peak in the turbulent kinetic energy production curve remains unchanged and it appears that the turbulent kinetic energy is mainly produced
in the viscous buffer layer. It is conventional practice to plot production curves semilogarithmically, but this is a misleading graphical presentation of the facts (Marusic,
Mathis, & Hutchins, 2010). A better graphical representation is shown in Figure 1.5b,
which is the graph of Figure 1.5a plotted on a premultiplied axis where equal areas
under the curves now translates to equal energy production. It becomes clear that at
sufficiently high Reynolds numbers, the bulk production comes from the logarithmic
region.
Another illustration of this concept can be seen in Figure 1.6. The figure shows
the relative contribution to the bulk energy production from the near-wall region
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Figure 1.5. Turbulent kinetic energy production for a range of
Reynolds numbers. Figure taken from Marusic, Mathis, & Hutchins
(2010).

(here taken tentatively as 0 < z + < 30) and from the log region of the boundary
layer (here taken tentatively as 70 < z + < 0.15Reτ ) as a function of the Reynolds
number (Marusic, Mathis, & Hutchins, 2010). The results clearly show that the
dominant contributor to the bulk production at low Reynolds numbers is the near

21
wall region, while the contribution from the log region becomes dominant at high
Reynolds numbers.

Contribution to bulk production
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Figure 1.6. Ratio of contribution to kinetic energy production to bulk
production from the near wall region (here taken as 0 < z + < 30)
and log region (here taken as 70 < z + < 0.15Reτ ). Figure taken from
Marusic, Mathis, & Hutchins (2010).

The question still remains, however, what is considered high Reynolds numbers?
For wall turbulence, it is defined as a sufficient separation of scale, but “sufficient”
depends on the the flow and the objective of the study (Smits, McKeon, & Marusic,
2011). A few different criteria can be used to define what is sufficient to be considered
high Reynolds numbers, one of which defines this from the approach of kinetic energy
contribution to bulk production (Smits, McKeon, & Marusic, 2011). The intersection
at which the two contributions from the production curves in Figure 1.6 are equal,
is seen to be at Reτ ≈ 4200 (Marusic, Mathis, & Hutchins, 2010). This is by no
means a sharp cut-off, but from this observation high Reynolds number turbulence
can be loosely defined as Reτ > 4000. Note also that the turbulent kinetic energy
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production from the near-wall region is not actually decreasing (refer to Figure 1.5),
it only becomes less significant to the bulk energy production at increasing Reynolds
numbers.

Turbulence Structures
Near-wall streaks and hairpin or horseshoe vortices are small turbulent eddies
with a spanwise scale O(100ν/Uτ ) that have been recognized for a while (Kline et
al., 1967; Theodorsen, 1952). Recent studies have, however, shown the importance
of larger turbulent structures, known as large-scale motions (LSM) and very largescale motions (VLMS) or superstructures (Smits, McKeon, & Marusic, 2011; Marusic,
McKeon, et al., 2010).
LSM are related to organized vortex packets and responsible for bulges of turbulence that can be observed at the edge of boundary layers (Adrian, 2007). Their size is
on the order of O(δ) and a characteristic feature is that the horseshoe vortices within
a packet aligns in the streamwise direction and induces low-momentum streamwise
regions between the legs. VLSM on the other hand, are long meandering streamwise
structures on the order of O(10δ) (Marusic, McKeon, et al., 2010; Smits, McKeon, &
Marusic, 2011). They are in general referred to as VLSM in duct and pipe flow and
superstructures in boundary layers. The VLSM have also been observed to influence
the near-wall turbulence, which will be discussed in more detail later.
Knowledge of the existence of large streamwise structures in wall turbulence have
been documented for many decades, however the importance of VLSM/superstructures
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to the dynamics of the turbulence, especially at high Reynolds numbers, have not
been clear until most recently (Marusic, McKeon, et al., 2010). The actual size of
the VLSM or superstructures depends on the type of flow in question. For boundary layer flow they have been observed on the order of 6δ, while for pipe or channel
flow they have been documented to be as large as 25δ (Hutchins & Marusic, 2007a,b;
J. C. Klewicki, 2010).
There are still a lot of uncertainties regarding the superstructures, but what is
clear is that they do not seem to scale with outer layer variables and their contribution
to the bulk energy of the streamwise turbulence is significant (Marusic, McKeon, et
al., 2010). Apart from these observations, different views on the role of superstructures exist in the research community, along with many unanswered questions. A
study ranging from small to very large Reynolds numbers, that resolves all velocity
components is necessary to shed more light upon the superstructures and develop a
theory that describes these structures. A disturbing observation is indicating that
superstructures apparently are dependant upon the scale of the test apparatus. If
this is indeed the case, Marusic, McKeon, et al. (2010) notes that it may make it
impossible to realize a facility-independent asymptotic state of turbulence, even for
fully developed internal flows.

Turbulence Intensity and Spectra
The streamwise turbulence intensity, defined as u2 and the corresponding u-spectra
(and to a lesser degree the other components of turbulence intensity v 2 and w 2 )
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have recently undergone a substantial amount of research to understand their scaling
behavior. Wall-scaling have been used in computational schemes for these properties,
similar to that discussed for the mean flow. Wall-scaling assumes that the second order
moments and spectra scales only with wall units close to the wall (for approx z/δ <
0.15) (Marusic, Mathis, & Hutchins, 2010). Several recent studies have concluded
that this is not the case, and that u2 actually depend on the Reynolds number,
although weakly (Marusic, Mathis, & Hutchins, 2010). This is illustrated in Figure
1.7a, showing that wall scaling clearly fails in the log region as expected, but also
fails in the near-wall region.
To understand why the inner peak at z + ≈ 15 is Reynolds number dependent, the
accompanying energy spectral density plot (usually just referred to as energy spectra) in Figure 1.7b can be examined. The ordinate, kx Φuu /Uτ2 , is the premultiplied
energy spectral density function normalized by the friction velocity. In Figure 1.7b
the pre-multiplied energy spectra is plotted as a function of the normalized streamwise wavelength, λ+
x . This plot is an exact mirror plot of the more commonly used
kx Φuu /Uτ2 vs wavenumber (kx+ ) plot. Regardless of Φ being a function of wavelength
or wavenumber, equal areas under the kx Φuu /Uτ2 graph represents equal energies and,
when integrated (see Eq. 1.15), will yield the turbulent intensity, u2 , as a function of
the wall-normal coordinate, i.e.,
+

u2 (z ) =

Z

∞
+

Φuu (kx , z )dkx =
−∞

Z

∞

−∞

Φuu (λx , z + )dλx

(1.15)
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Figure 1.7. Correlation between streamwise turbulence intensity and
the corresponding energy spectral density at the peak. The area under
each of the curves in Figure 1.7b will yield the peak value (the value at
z + = 15) for each curve in Figure 1.7a. Figure taken from (Marusic,
Mathis, & Hutchins, 2010).

Here, u2 is the turbulent intensity, Φuu is the energy spectral density function, kx
is the wavenumber and λx is the wavelength, all which are streamwise components.
In Figure 1.7b the area under the graph is the corresponding turbulent intensity at

26

(a)

9

full signal
small-scales λ x < δ
large-scales λ x > δ

8
7

u2 / U 2τ

6
5
4
3
2
1
0

101

102

103

z

104

+

(a) Reτ = 7300, total and scale decomposed contribution

(b)

9

small-scales λ x < δ
large-scales λ x > δ

8
7

u2 / U 2τ

6
5

Re τ increasing
4
3
2
1
0
10

1

10

2

10

z

3

10

4

+

(b) Reτ = 3900, 7300, 19000

Figure 1.8. Scale decomposition of the streamwise turbulence intensity spectra u2 /Uτ2 . Figure taken from (Marusic, Mathis, & Hutchins,
2010).

z + = 15 in Figure 1.7a, which is the the location of the inner peak. Figure 1.7b shows
that wall scaling works well for all streamwise length scales except the very large ones
(the superstructures). This implies that the increase in u2 is directly related to the
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increase in energy contribution from the large-scale motions, which does not scale
with wall units (Marusic, Mathis, & Hutchins, 2010).
The turbulent intensity spectra can be decomposed into contributions from the
small scale (λx < δ) and the large scale (λx > δ) motions in the boundary layer, as
shown in Figure 1.8. The separation at λx = δ is that recommended by Hutchins &
Marusic (2007b). It is clearly seen in Figure 1.8b that the small-scale contribution
to the streamwise turbulent intensity changes little over the range of Reynolds numbers considered, while the large-scale contribution increases with increasing Reynolds
number. Figure 1.8a shows that the complete turbulent intensity profile can be expressed as the superposition of its small and large scale contributions. There is a
significant overlap between the two, the large scale contribution extends all the way
to the wall, while a very small fraction of the small scale contribution penetrates out
to the edge of the boundary layer.
Two peaks are clearly visible in Figure 1.8. The first peak is located in the near
wall region and is the energetic signature from the near wall cycle (Marusic, Mathis, &
Hutchins, 2010). This peak is referred to as the “inner peak”, which is located around
z + ≈ 15 and coincides with the peak location of u2 . The large scale motion has its
own peak located in the log layer, which is referred to as the “outer peak,” and can
be seen increasing in magnitude as the Reynolds number increases. Figure 1.8 implies
that the increase in the u2 peak is a result of the energy from low frequency, largescale motion extending down into the near-wall region as the small-scale turbulent
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intensity does not increase with increasing Reynolds numbers (J. C. Klewicki, 2010;
Metzger & Klewicki, 2001; Marusic, Mathis, & Hutchins, 2010).
It is also worth noting that while the inner peak location is fixed, the outer peak
is shifting towards larger z + values with increasing Reynolds number, which is of relevance to the origin or source of the superstructures (it is currently unclear what the
origin is), which have been shown to directly influence the near-wall cycle by amplitude modulation (Marusic, Mathis, & Hutchins, 2010; Mathis et al., 2009; Hutchins
& Marusic, 2007b).
Figure 1.7a also highlights the fact that there exist some critical Reτ , below which
it is not possible to distinguish a clear outer peak. This is evident by comparing the
Reτ = 500 and Reτ = 2800 curves of Figure 1.7a. Considering Reτ below a critical
value, the outer peak cannot be distinguished from the inner peak, which is the case
at Reτ = 500. At Reτ = 2800, it is however possible to note an emerging outer
peak. The Reynolds number when the separation of scale is large enough to be able
to distinguish the kinetic energy production contributions from the near-wall and log
layers is considered to be Reτ > 1700 (Hutchins & Marusic, 2007b).
A better understanding of the location of the outer peak may be gained by considering the iso-contour plots of the premultiplied energy spectra of the streamwise
velocity fluctuation kx Φuu /Uτ2 , as shown in Figure 1.11. These plots show the location of the peak(s) of the energy spectra in the wall-normal distance (z) versus the
streamwise wavelength (λx ) plane, in both inner and outer scaling, with the contours
representing the energy density. The left column of figures shows the energy spectra
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in inner-scaled variables while the right column shows the same plots in outer-scaled
variables. The vertical lines indicate the estimated location of the middle of the log
√
layer, z + ≈ 3.9 Reτ and the ”+” symbol indicates the location of the inner peak
(Marusic, Mathis, & Hutchins, 2010).
The plots is Figure 1.11 is in agreement with the previous statement that a sufficient separation of scales to distinguish the outer peak is achieved at Reτ ≈ 1700.
At Reτ = 500 there are no indications of an outer peak, while it is clearly visible at
Reτ = 3900. It should also be noted that the location of the outer peak seems to
coincide with the middle of the log layer, and that this location moves to larger λ+
x
and z + as the Reynolds number increases.
Very few studies have addressed the spanwise and wall-normal turbulence intensities and their spectra. This data is limited and makes it difficult to draw conclusions.
The available data indicate that the spanwise velocity is affected strongly by an increase in the Reynolds number of the flow and have a large-scale energetic contribution
to its turbulent intensity, v 2 , and energy spectra ky Φvv /Uτ2 , similar to the streamwise
velocity component. The wall-normal energy spectra, kz Φww /Uτ2 , on the other hand,
is lacking any large-scale motions and seems to be remarkably resistant to changes in
the Reynolds number (Marusic, Mathis, & Hutchins, 2010).
Figure 1.10 shows a comparison of the pre-multiplied energy spectra of all three
velocity components u, v and w at Reτ = 7300. Immediately evident is the lack of
near-wall data for the spanwise and wall-normal velocity components. This is one of
the challenges faced when measuring these velocity components and is due to the size
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of the cross-wire probes that measurements were carried out with (Marusic, Mathis,
& Hutchins, 2010). Another important observation that can be made in Figure 1.10,
is the inclined ridge in the energy spectra for the spanwise and wall-normal velocity
components, showing that the length scale λ and wall-normal distance z are proportional. According to Marusic, Mathis, & Hutchins (2010), this is indicative of
attached eddies. The lack of a large-scale energetic component in the wall-normal
energy spectra is also evident.
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Studies have indicated that the VLSM or superstructures not only superimpose
their energy on the near wall or small scale motions, but also leave a “footprint” on the
small-scale, high-frequency fluctuation of the velocity signal in terms of an amplitude
and frequency modulation (Marusic, Mathis, & Hutchins, 2010; Ganapathisubramani
et al., 2012). This modulation effect have been shown to get more significant at
larger Reynolds numbers. The top graph in Figure 1.9 shows an example of the raw
signal of the streamwise fluctuating velocity component, u, at z + = 15, while the two
graphs below are the same signal decomposed into contributions from the small-scale
and large-scale structures, with a cut-off at λx /δ = 1. It can be seen quite clearly
that when the large scale signal u+
L have a negative fluctuation, the corresponding
small-scale u+
S signal has a significantly reduced amplitude. The same is true for the
opposite case, when a positive large scale fluctuation yields a more active small-scale
fluctuation (Marusic, Mathis, & Hutchins, 2010; Mathis et al., 2009). It is noted by
Marusic, Mathis, & Hutchins (2010) that the modulation is not easily observable in
a Fourier representation because the extremely low frequencies of the superstructures
make the signature of additional sideband frequencies difficult to determine in the
power spectrum. These effects are studied in more detail by Mathis et al. (2009).
While the amplitude modulation of the near-wall turbulence is the easiest to
detect, Ganapathisubramani et al. (2012) have shown that frequency modulation and
phase lag between the large scale and small scale structures are also present in the
near-wall region, but that this effect drops off rapidly beyond z + = 100. Talluru et
al. (2014) have investigated the spanwise, v, and wall-normal, w, fluctuating signals,
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as well as the Reynolds shear stress, −uw, and found that they are modulated in a
similar manner as the streamwise fluctuating signal, u.
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33
1.2.4

Prior Rotating Disk Studies

For detailed information of earlier works on turbulent rotating disk flows prior
to 1991, the reader is referred to the dissertation by Littell (1991). The available
database for flow over an infinite rotating disk is mostly composed of mean flow
and torque measurements, while little is known about the turbulent fluctuations or
turbulent structures of the eddies. Several studies obtained mean velocity profiles
which were found to agree well with the laminar flow solution in the laminar region
and with a 1/7 power law for the turbulent regime. Littell (1991) noted that the
rotating disk study by Cham & Head (1969) was the most comprehensive study to
date, which reported single hot-wire and cobra probe measurements on a 3 ft diameter
disk. The disk was spun to a maximum of 1900 RPM resulting in Re = 2000000.
Cham & Head (1969) also performed integral boundary layer calculations that were
found to agree well with the development of the boundary layer.
Littell himself conducted turbulent fluctuation measurements at several different
radii and speeds above a large, 1 m diameter, rotating aluminum disk using pressure
probes and hot-wire anemometry. The disk was spun at approximately 1350 RPM,
and the maximum Reynolds number reported were Re = 1600000, or Reτ = 3240.
He determined that the mean flow agreed well with previous studies and qualitatively
agreed with the few turbulence measurements available for “infinite” disk flow. He
also noted that when scaled with inner variables, the cross-flow peak in the radial
mean velocity profile collapsed the data well, but that outer scaling could not be used
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because of the uncertainties in determining accurately the boundary layer thickness.
Littell (1991) concluded that the disk boundary layer is dominated by the near wall
turbulence, and that there were inactive motions in the outer region of the boundary
layer that were more widespread than what is observed in a 2DTBL. The primary
shear stress, −uv was shown to be considerably lower than in a 2DTBL at the same
Reynolds number. He also noted that the shear stress vector and the mean flow strain
rate vector were closely aligned throughout the boundary layer for the rotating flow,
where these vectors are observed to deviate for 3DTBL that is created by perturbing
2DTBLs. Finally, it was concluded that the Coriolis effect was negligible for the
primary shear stress −uv, but that it made a significant contribution to the secondary
shear stress vw.
A more recent study of the turbulent boundary layer on a rotating disk was carried
out by (Imayama et al., 2014), using a 474 mm diameter glass disk. Hot-wire measurements, with a sensor length of l+ ≈ 30, were carried out on a disk rotated at 1455
RPM. The purpose of this study was to provide a statistical description of the tangential velocity field and compare it to the streamwise velocity of a two-dimensional
zero pressure gradient boundary layer. The friction velocity was determined by direct
measurements close to the wall. Their results indicate that the turbulent statistics are
similar in the inner region, but they conclude that when compared to two-dimensional
boundary layers, the outer flow structures seem to have a lesser influence on the inner
region for the rotating case. While turbulent, it must be noted that this study can
likely not be considered a high Reynolds number study, as the highest Reynolds num-
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ber obtained was Re ≈ 487, 000 or Reτ = 999. This value is lower than the previously
suggested Reynolds number of Reτ > 1700 needed for necessary scale separation to
be able to distinguish between the contributions to the turbulent energy production
from the inner and outer layers. This is also significantly less than Reτ ≈ 4200, which
was suggested as the limit to be consider high Reynolds number flow.

1.2.5

3DTBLs and Relevance in Rotors and Rotorcraft Aerodynamics

Rotorcraft and wind turbine rotors are examples of applications dealing with high
Reynolds number flows. Understanding the interaction between the rotating blades
and the turbulent boundary layers forming on the blades of turbines or rotorcraft has
been, and still is, important from the modelling perspective of their characteristics
and performance (Snel, 1998).
A study by McCroskey et al. (1970) considered the direction of streamlines and
wall-shear stresses on a rotating flat-plate blade. They compared both the laminar
and turbulent flow regimes, considering the centrifugal pumping and Coriolis effect
which is also present in the rotating disk boundary layer. They concluded that the
turbulent flow on such flat plate rotating blades have very small cross-flow components and that it is essentially 2D in nature, with the Coriolis and centrifugal effects
appearing to be negligible, at least below stall. It should not be surprising that the
cross-flow component is a lot smaller on a rotating flat plate blade than on a disk
however, as it is the surface contact that creates the centrifugal cross-flow. The flow
spends a lot less time in contact with a surface in this case. Therefore, it seems logical
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to think that the effect of centrifugal pumping, and thus three-dimensionality of the
boundary layer, becomes more prominent with an increasing number of rotor blades.
The turbulent boundary layer effects on helicopter lifting performance is not
completely understood (Leishman, 2015). Industry still uses a correction factor in
simulations based on the actual performance of the rotor blades. Because of threedimensional turbulent boundary layer effects, blade separation is delayed and so rotor
blades actually produce more lift than simulations predict.
While it is possible to model two-dimensional boundary layer behavior quite well
it is difficult to extend this to three dimensions. Simplified viscous modelling or
three-dimensional boundary layer methods can be used to model the performance
on wind turbine blades, however these simulation do not accurately capture the flow
physics (Snel, 1998). Snel reports that only a direct numerical simulation (DNS)
solution of the full Navier-Stokes equations will provide adequate resolution to capture
phenomena such as deep stall of the blade root.
As a rotating disk is essentially a rotor with an infinite number of blades, the
results from the current study may help validate models at this limiting condition and
so shed some light on the three-dimensional turbulent characteristics for rotorcraft
and turbomachinery applications.

1.2.6

Objectives & Summary

The purpose of the current study has been to develop an experimental framework
for studying high Reynolds number three-dimensional turbulent boundary layers. Due
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to its many challenges, the rotating disk boundary layer research have been divided
into long-term and short-term objectives. The short-term objectives are relevant to
the present study, while the long-term objectives represent what the desired outcome
of the continued study of the 3DTBL on a rotating disk will be.
The objective of the current study is to design and build an experimental framework to carry out the following:

• Develop a three-dimensional turbulent boundary layer flow over a rotating disk.
• Achieve high Reynolds number flow.
• Build a measurement platform to carry out hot-wire anemometry measurements.
• Characterize the experimental setup.
• Gain preliminary insight into rotating disk 3DTBL and compare the data to
prior rotating disk or 2DTBL experiments.
• Identify the main sources of errors or measurement uncertainties and how these
can be reduced.
• Provide recommendations for future work.
The long-term objectives are in part based on the desire to understand 3DTBL
in general and in part based on the desire to further explore some of the interesting
results that followed from the current study, as follows:
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• Reduce the errors and uncertainties, particularly for the near-wall region, to
within acceptable levels.
• Carry out measurements of all three velocity components at two simultaneous
wall-normal locations for correlation purposes.
• Understand the differences between 2DTBL and 3DTBL behavior.
• Develop a scaling law for the radial velocity profile.
• Study how wall perturbations interact with the large-scale turbulent structures,
and thus, the small-scale turbulent structures.
• Learn how to manipulate the boundary layer and its near wall turbulence with
the use of wall perturbations.

The thesis started by reviewing the literature on rotating disk flow and on the
three-dimensional turbulent boundary layer characteristics; with special attention
paid to the importance of achieving high Reynolds number 3DTBL flow. Next will
follow a description of the experimental framework, how the measurements were carried out and a discussion of some of the encountered challenges. Thereafter, the mean
flow, turbulent intensity and energy spectra will be presented, followed by discussion
of the higher order turbulence statistics. Lastly, the concluding remarks are presented along with recommendations for improvements to the experimental apparatus
and future work.
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2. Experimental Setup and Techniques

This chapter provides a detailed description of the facility and the apparatus that
was used to carry out the rotating disk experiments, along with discussions of some
of the positive and negative consequences that followed from the design decisions.
Following this is an explanation of the instruments and measurement techniques that
were used, as well as the limitations and the challenges faced.

2.1

Rotating Disk Apparatus
The rotating disk apparatus was initially started as a class project and was contin-

ued as a thesis by the author. Because of this, the original design and build process
has been described thoroughly in a previous report, but will for the sake of completeness be summarized along with some changes that were made to the original
design.

2.1.1

Design Process and Tradeoffs

In Littell’s work on the rotating disk boundary layer, a 1 m diameter disk was
spun up to a maximum of 1350 RPM in air, which gave disk Reynolds numbers up to
1600000 (Littell, 1991). Being ambitious, it was decided that even higher Reynolds
numbers could be reached with the new design. Because the local Reynolds number
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is proportional to the square of the radius (see Equation 1.1), the initial design goal
was to use a 2 − 2.5 meter diameter disk that ideally would reach RPMs as high as
2500-3000. As will be made clear later, this proved to be too lofty of a goal for several
different reasons.

Figure 2.1. Intermediate design state of high-speed rotating disk apparatus. Based on the design by (Littell, 1991).

During the first design iterations, it was believed to be best to continue using a
proven and working design, similar to what other researchers had used in the past.
The design used by Littell (1991) was the primary inspiration, which led to the design
shown in Figure 2.1. One of the issues with this design was the motor being completely
separated from the disk apparatus, possibly making it challenging to align the motor
and disk shafts properly. Another main concern associated with using this design was
that the preferred disk diameter would be over twice the size of the disk employed
by Littell (1991). The obvious concern was the probability of the disk drooping or
permanently warping under its own weight if only supported in the center. To solve

42
this, a concept idea arose that involved using two concentric disks, one stationary
and one rotating, supported by some bearing structure in between.
Halfway through the design stage it became clear that it would be very difficult
to find any type of material that would be completely flat and in one piece with a
diameter of 2 − 2.5 m. Several different materials were considered, including glass,
plexiglass, wood, steel and aluminum. Steel was discarded early as it has similar
specific strength to aluminum, but is three times heavier, which is negative when
motor considerations were taken into account. Plexiglass was discarded as being too
susceptible to surface scratches. Glass would likely have been a very good material
for this experiment, but at the desired diameter, the thickness and weight would
be large. In addition, machining precise holes and mounting and handling of a huge
glass disk was considered to be a huge challenge, thus glass was not considered further.
Wood seemed to be a viable option. To obtain the desired flatness it could be sanded
and the surface coated with oil or film. Wood, however, was discarded in favor of
commercially available precision machined aluminum plates of 48 in x 48 in. It was
decided that a 48 in diameter disk would be a decent compromise to show “proof of
concept” for the experimental apparatus.
There were two main options regarding the choice of motor, each with their own
benefits and drawbacks. One option was to use a powerful AC motor that could
power large-sized and thick disks to whatever the desired RPM might be. In many
ways this would have been the best option, but AC motors have the disadvantage
of being very difficult to hold at steady RPM, especially over long periods of time.
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AC motors tend to drift without the use of servos and require a closed-loop feedback
control system to ensure steady operation. The other option was to use a brushless
DC motor that would be simpler to utilize, control and hold at a steady RPM, as
their tendency to drift is very low. Furthermore, DC motors have speed controllers
that can readily be controlled by a computer using a DAQ board. The drawback
of the DC motor is that its output torque and power is limited unless motors with
uncommon power supplies are used, in which case they can become challenging and
expensive.
To size the motor, the disk mass and moment of inertia, along with the torque
and power requirements for the motor were calculated. The mass of the disk is given
by
m = ρtd πR2

(2.1)

where m is the mass, ρ is the density, td is the disk thickness and R is the disk
radius. The moment of inertia of the disk is given by
1
I = mR2
2

(2.2)

where I is the moment of inertia. The required power of the motor is then given
by
P = τm Ω

(2.3)

τm = Iα

(2.4)

where
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Here, P is the power requirement, τm is the torque requirement, Ω is the angular velocity of the disk and α is the angular acceleration of the disk. The angular
acceleration can be related to the angular velocity by
Ω = αt

(2.5)

where t is the time of acceleration.
Combining Equations 2.1 through 2.5 one obtains the power and torque in terms
of only know or controllable variables:
P =

ρπR4 td Ω2
2t

(2.6)

τm =

ρπR4 td Ω
2t

(2.7)

As steady state hot-wire measurements would be taken over the course of several hours, the time it would take to reach 2000 RPM was not a significant design
parameter. Hence, an estimated ramp-up time of 15 minutes was used.

2.1.2

Final Design

The challenge for the final design was a 48 in diameter disk spinning steadily at
2000 RPM while the surface was sufficiently flat to carry out near-wall measurements
on the disk. This approach involved the accurate sizing of a motor as well as a
sturdy disk mounting system. It was believed that a larger disk would be used
in the future, so it was taken into account in the final design configuration. As
previously mentioned, one of the concerns that followed the entire design process
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was the surface finish and flatness that could be achieved as this would determine
how close to the surface hot-wire measurements could be completed, as well as how
accurate the measurements would be. The disk flatness, or lack thereof, would also
affects the boundary condition (wall shear stress) of the boundary layer.
A warping of the disk, where one or more areas of the surface have a dip or
top as compared with the rest of the disk, is mainly what is being referred to when
talking about the disk flatness. Anything that happens uniformly over the entire
disk surface at a given radial location, is of little to no consequence. Problems only
present themselves when the relative distance between the hot-wire anemometer and
the disk surface occur over the course of one disk revolution.
It is of considerable importance to know accurately the wall-normal distance at
which measurements are being carried out. An uneven disk surface would have the
unfortunate consequence of spatially averaging the measured velocities. It was assumed that a precisely machined surface would give the best surface finish and it was
expected that the metal would droop uniformly when mounted at the center, which
would not have caused any problems. Despite this it was decided to support the
outermost part of the disk.
A complete CAD drawing of the final design, in assembled and exploded view, is
presented in Figure 2.2. Instead of two concentric disks, a sturdy and flat welding
table was used as the base for the rotating disk apparatus. The welding table was a
custom made Brute Machine Base table by American Grinding and Machine Company
in Chicago, Illinois. The table was made of solid steel and measured 48 in x 48 in
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x 33 in with a total weight of 1250 lb. The table top was 1 in thick and had a 0.5
in thick shelf mounted 6 in from the foot of the table. Height adjustment pads were
ordered and were placed on the feet to level the tabletop. A 2 −

1
2

in wide hole was

pre-burned through the center of the tabletop and shelf to accommodate the disk
shaft. The purpose of the shelf was to provide a mounting point for the shaft, motor
and other pieces of equipment. Two 3/4 in wide holes were drilled in the top surface
and lower shelf for mounting the radial load bearings. Also, sixteen 1/4 in holes were
drilled in the table surface and tapped; these were used for support wheel mounts,
which will be discussed below.

(a) Assembeled view

(b) Exploded view

Figure 2.2. CAD models of the final design.

The shaft was a 2 in thick steel rod and was cut to a length of 33 in. A 1/2 in
wide, 6 in long keyhole was machined into the shaft close to its center with which the
shaft was connected to the motor through a pulley. In addition, a 1/2 in wide, 1 in
deep hole was drilled into the top end of the shaft and then tapped.
A flange machined from a solid 6 in diameter aluminum cylinder connected the
shaft and the disk as shown in Figure 2.3.
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Figure 2.3. Details of the flange and how it connects to the shaft and the disk.

The entire assembly rested on a single thrust bearing placed between the upper
table surface and the bottom of the flange. Two radial load bearings, one mounted
to the lower surface of the table and the other to the top of the shelf under the table,
were used to hold the shaft. The bearings had a deep-grooved ball bearing insert,
were double sealed and had fittings that allowed for internal greasing of the bearings.
Together the three bearings allowed the disk/shaft/flange-assembly to rotate with as
little friction as possible, while also preventing wobbling.
For support, a concept for small wheels on high-precision bearings was designed.
The bearings used for this were flanged, double shielded bearings, with diameter 5/8
in, less than 0.2 in thick and were rated to a maximum of 45,000 RPM. The reason
high-precision and high-speed bearings were needed was because they would be in
contact with the disk far from the center of rotation, making them experience a high
local velocity. To estimate the maximum RPM they would have to endure, it was
first found that the 2100 RPM was the maximum rotational velocity for a 48 in disk
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to still be in the subsonic regime on the edge. In the design, the support wheels were
placed in two concentric circles, one at a radius of 0.5 m and the other at a radius of
0.75 m. The outer circle was placed at a radius larger than the 48 in diameter disk
radius to be used for future experiments with a larger disk. The support wheels were
2 in diameter, 0.5 in wide stainless steel wheels with a groove in the center where a
thick O-ring was placed. For the outermost of the two radii, these small wheels would
potentially have to rotate at an angular velocity of as much as 37,500 RPM (with an
estimated max RPM of 2500 for the disk of 2 − 2.5 m).
For the support wheels to be able to complete their intended function, the disk
would have to be completely flat on both the bottom and top surfaces. At this stage
in the design it was underestimated just how well everything would have to line up
for this approach to work. Upon testing, even with very careful positioning of the
wheels, so that they only touched the disk very gently, the forces they put on the
disk while the disk was rotating created an unforeseen amount of friction that the
motor was not able to overcome. It was found that the force from the wheels as it
passed an uneven point on the disk, somehow threw the shaft and flange enough out
of alignment to make the shaft jam. To solve this problem, the disk, flange and shaft
had to be disassembled before realigning properly. A second attempt yielded the
exact same result, thus after the second re-assembly the support wheels were deemed
a failed idea and removed. For it to be possible to use them in the future, the disk
has to be completely flat and have some means to adjust the height of the support
wheels by tiny increments. It is likely that it will never be made to work however, as
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even a slight difference in thickness of the O-ring will make the disk wobble at large
RPM, assuming everything else is unaffected. It is likely better to instead support a
larger disk at the center only, using a sufficiently large diameter flange.
The motor and shaft were connected by two equally sized cast iron pulleys. It
was a challenge to connect the 19 mm diameter motor shaft with the 2 in diameter
disk shaft, but it was solved by placing bushings with different inner diameters and
the same outer diameter, inside the pulleys. The inner diameter of the two bushings
were 2 in and 3/4 in, the latter slightly larger than the 19 mm outer diameter of the
motor shaft. It was possible to make it tighten enough around the motor shaft to
make a snug fit however. The pulleys were 50 mm wide and fitted with a 50 mm wide
synchronous gear belt made of compound rubber. The motor was bolted to a plate
which was suspended between, and attached to, two angle brackets that were bolted
to the lower table shelf.
The author added a retractable apron placed under the edge of the 48 in disk,
with the purpose of reducing the interaction of the fluid between the top and bottom
surfaces of the disk, with the secondary purpose of serving as a mounting station to
attach guiding vanes to straighten the circulating flow leaving the disk edge during
operation. This was done as a precaution based on smoke flow visualization carried
out by Littell (1991). When closed, the apron formed a 70 in large circle, with a 40 in
hole in the center, such that it did not touch any moving parts of the apparatus. The
apron was made from two large 48 in x 96 in MDF boards and was attached to the
welding table with two sets of Accuride 18 in heavy duty drawer slides. The guiding
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vanes themselves were never actually used during the experiment as it was assumed
to be unnecessary because of the much larger room (12 ft x 16.5 ft x 9 ft) that this
experiment was carried out in, as opposed to that used by Littell (8 ft x 9 ft x 10 ft).
An actual visual inspection was never performed to verify this assumption, but the
guiding vanes are ready and can be easily fitted for future experiments.

Motor Sizing and Implementation
With the disk size determined, it was straightforward to calculate the estimated
power and torque requirements for the motor. With ρ = 2700 kg m−3 (density of
aluminum), t = 15 min, RPM = 2000, td = 0.25 in, R = 24 in, Equation 2.6 and
Equation 2.7 yields P = 181.3 W≈ 0.243 hp and τm = 0.87 Nm ≈ 7.7 in lbs ≈ 123.2
oz in respectively.
A combination of several factors guided the choice of motor and in the end the
AC motor was discarded for the DC motor because of time constraints, the fact that
complexity and cost of an AC motor system would be too high and the fact that a
brushless DC motor was found, with more power than the calculations showed was
necessary. It is worth noting that the calculations did not take into account friction,
as there was no direct way of determining the friction resistance in the system. After
the experiment was built and tested, it was concluded that the effects of friction was
a lot more significant that originally estimated.
A brushless DC motor (BLK421S-160V-3000) and variable frequency drive speed
controller (MDC-300-120151 120VAC, 15A) was acquired from Anaheim Automation
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in Anaheim, Canada. This was the smallest motor out of the largest brushless DC
series that the company provides. Being the only motor in the series that could be
plugged directly into a wall outlet, it was chosen for system simplicity after making
sure it was powerful enough. Specifications indicated the rated power and torque to
be 1260 W ≈ 1.69 hp and 566 oz in respectively, which were several times the requirements that were calculated. It was believed that even when accounting for friction in
the system, approximately four times more power and torque than calculated should
have been sufficient. The original 1/4 in disk was never tested to the motor limit because the apparatus was in an open lab environment. Before everything was moved to
a closed chamber, the disk had already been replaced, as discussed below in Section
2.1.2. With the new disk mounted, a motor test was carried out with the result of
only reaching 580 RPM, evidence that the motor was not powerful enough. In hindsight, an AC motor or a significantly more powerful DC motor is what the apparatus
needed to be able to reach the design RPM.

Disk Flatness Challenges
The disk flatness has over the course of the experimental apparatus construction
and measurement stages, proven to be one of the most profound problems in the way
of being able to collect accurate measurements. The first disk was machined from a
48 in x 48 in x 1/4 in square plate. The plate was made by Alro Metal located in
Orlando and had a surface tolerance of 0.0015 in ≈ 40 µm. This was deemed accurate
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enough for proof of concept, but would likely have to be made better to resolve the
smallest turbulent structures in the future.
Upon first testing with the disk it was found to be wobbling significantly, easily
spotted with the naked eye. Machining aluminum this size and thickness is difficult as
it cannot be held in place by magnets, and thus needs to be clamped down. Clamping,
drilling and cutting creates a lot of local stress on the metal in terms of loads and
local temperature gradients, and without a sufficiently thick material to maintain the
structural integrity, the disk will likely permanently warp.
To replace this disk, a new MIC6 R Aluminum Cast Plate measuring 48 in x 48 in
x 5/16 in, with better tolerances, was ordered from Alcoa. An even larger thickness
would have been better, but because the motor was not able to accelerate a disk that
was thick enough to make sure warping would not be a problem, a 5/16 thick disk
was the best that could be used without a complete redesign. Alcoa could guarantee
a surface finish tolerance of ± 0.00002 in, a thickness tolerance within ± 0.005 in
and a flatness tolerance maintained within 0.015 in. The disk from Alcoa was a great
product and was a lot better than the first disk, but even this came out slightly
warped after machining. It was also later discovered that handling of the disk and
the weight applied to the disk while applying surface coating layers in an attempt to
insulate the heat conduction from the hot-wire anemometer to the disk, warped the
disk fairly easily.
The extra weight added by the 5/16 in thick disk caused problems for the motor.
580 RPM was the the maximum angular velocity that the motor could reach with the
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new disk, after approximately an hour of operation. The motor was clearly straining
with the load of the thicker disk as the fault light on the speed controller would be
triggered.
After completing measurements on the 48 in diameter, 5/16 in thick disk, it was
concluded to try a disk that would have less flatness issues, as well as being able to
reach higher RPMs, while not having to replace the motor. As the current disk would
not accelerate past 580 RPM, it was estimated that even with a reduced radius, the
resulting increase in RPM would be sufficient to reach higher Reynolds numbers than
what was attainable with the large diameter disk. Thus, a new disk was ordered.
The new disk thickness was increased to 1/2 in and the diameter reduced to 24 in.
This would hopefully result in negligible flatness issues as well as accommodate a
significantly higher RPM as both the torque and power requirements for the motor
was reduced by almost 16 times (both scale with the quad of the radius as seen in
Equations 2.6 and 2.7).

2.2

Instrumentation

2.2.1

Data Acquisition and Control System

A computer was used to control the velocity of the disk, the motion of the traverse
in four directions (x, y, z and θ) and record most of the measured data, including the
RPM, temperature and the hot-wire signal through a data acquisition (DAQ) board.
The tachometer and hot-wire signals were recorded using a Data Translation DT-
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9836 16-bit A/D DAQ with a sampling rate up to 800kHz per channel, transferred to
the computer via USB and saved using MATLAB scripts. The measurement voltage
range of the DT-9836 is ±10V.
The motor and speed controller were powered with 120 V AC from a wall outlet.
The speed controller had an external circuit used to determine the direction of rotation
and activate the external speed control. Because it was desired to control the motor
with MATLAB, a simple NI USB-6008 DAQ was used to give the speed controller
commands in the form of a voltage between 0 and 5 V, corresponding to zero and
maximum RPM. To read off the actual RPM a tachometer system was used. The
tachometer was an optical sensor that looks for a reflection from the surface it is
pointed at. The sensor output 5 V when the sensor detected a reflection above
a certain intensity level and 0 V when no reflection was detected. To have easily
distinguishable reflective properties, approximately half the circumference of the shaft
was covered with reflective film, while the other half was covered with black electrical
tape.

2.2.2

Traverse

A Velmex three-axis, stepping motor positioning-slide traverse was bolted to a
table that was placed adjacent to the disk. This allowed for accurate movement
in all three spatial directions. The smallest incremental step was 0.00025 in for all
three directional motors. The traverse does not have built-in encoders, something
that should be addressed in future experiments to make small incremental traverse
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movement more reliable. With the current setup the x-axis was defined parallel to
the table, y-axis crossing over the disk and the z-axis moving normal to the disk plane
(see Figure 2.4). Notice that these are the traverse coordinates and only the z-axis
coincide with the coordinates from Figure 1.2 that was used for the measurements.
The traverse was controlled through MATLAB scripts sent through serial ports and
interpreted by two Velmex VMX stepping motor controllers.

z

y

x

Figure 2.4. Traverse and its axes.

To be able to place the hot-wire above the disk, a 40 in long aluminum box beam
was mounted to the top leg of the traverse, parallel to the disk plane. On the other
end of the beam, an Arcus DMX-J-SA-17 stepping motor was attached to an Langle with a hole machined in it for the motor shaft. The stepper motor allowed for
precise angle adjustments in the horizontal plane, in increments of 0.1125◦ per pulse.
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Attached to the shaft of the stepper motor were two precisely machined aluminum
rods, mounted at a right angle to each other, serving as an arm for the hot-wire probe
connector. The arm was manufactured such that the hot-wire could be oriented at a
specific angle, directly below the rotational axis of the motor (see Figure 2.5). This
configuration was necessary to be able to study the same turbulent flow structures at
different angles.
All the components were machined so that they lie in the same plane from stepper
motor shaft to hot-wire probe. It was important for all the components to lie in the
same plane and form perfect 90 degree angles such that the hot-wire probe’s yaw axis
would coincide with the stepper motor axis. If proper alignment was not achieved, the
hot-wire probe would not only yaw but also move in a circle around the stepper motor
axis, causing measurements at different angles to be taken at a different position as
well as at a different angle.

2.3

Hot-wire Anemometery
The hot-wire anemometer was the primary measurement device used in this exper-

iment, based on a technique known as Constant Temperature Anemometry (CTA).
From Dantec Dynamics website:

CTA is particularly suitable for the measurement of flows with very
fast fluctuations at a point (high turbulence) and the study of flow micro
structures, where there is a need to resolve small flow eddies down to the
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Figure 2.5. Detailed view of hot-wire mounting arm and stepper motor.

order of tenths of a mm” (Constant Temperature Anemometry (CTA),
2013).
Because it was desirable to observe small scale and rapid fluctuations, CTA was
the ideal measurement technique. CTA is related to the Reynolds analogy, relating
heat transfer and turbulent momentum, and works by sending a current through the
tiny hot-wire filament to heat it up. As fluid flows past the filament, convection cools
it down and the current to the probe is adjusted to keep the filament at a constant
temperature. The voltage corresponding to the instantaneous current through the
wire is recorded as the output from the sensor. By calibrating the output with a
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known velocity source, the voltage is converted into the corresponding velocity. See
Section 2.3.1 for details on hot-wire calibration.
The sensor itself was a Dantec Dynamics 55P15 miniature wire probe, specifically
designed for boundary layers (see Figure 2.6). It had two separated prongs, with a
very thin electrically conducting filament spanning the gap between the two ends.
The probes were offset so as not to disturb the boundary layer. The filament wire
was made of annealed Wollaston (silver with a platinum core) with a 0.0001 in core
diameter. To expose the platinum core, the silver coating must be etched off. The
resistance of the hot-wire is based on the width of the exposed platinum. The wider
the exposed area, the lower the resistance. The desired resistance was between 12−19
Ω.

Figure 2.6. Boundary layer hot-wire probe from Dantec Dynamics.

It was known that all sensors had a resistance between 13 and 18 ohms. With
the method used for making the hot-wires, the ratio between the exposed area and
the diameter of the core should be l/d ≈ 190; giving a length of approximately 0.019
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in. The viscous length scale, ν/Uτ , for all measurements in this study can be found
in Table 3.1 and ranges between 7 and 16 µm. This gives a range for the innerscaled sensor length, l+ = lUτ /ν, between approximately 30 − 70. This is just an
estimated range, but as previously discussed, l+ < 20 was recommended to have
signal attenuation of less than approximately 10%.
A Dantec Dynamics 54N82 Multichannel CTA was used for hot-wire signal conditioning and a custom circuit was used to adjust the offset and gain of the signal before
it was recorded by a Data Translation DT-9836 DAQ and saved using MATLAB.
During initial testing, it was found that the hot-wire conducted to the disk as
it was moved close to the disk surface. This phenomenon occurs because the hotwire is heated to a high temperature (241◦ C), so even with disk rotation, the large
temperature difference between the cold disk and the high temperature hot-wire allows
for a significant heat transfer through the air to the disk.
In an attempt to reduce this effect, the disk was covered by a plastic film. One
sheet was found to be insufficient, so a total of four layers were applied to the disk.
This method did reduce the heat conduction, but not sufficiently to be able to neglect
its influence. Adverse flatness issues are very likely to become more significant with
each added layer. Leaning on the disk while applying the film was also found to
slightly warp the disk.
Before measurements could be carried out, the exact height of the hot-wire over
the disk surface had to be determined. Based on the laser displacement measurements
at r = 0.52 m, it was decided to place the hot-wire filament 160 µm above the disk
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surface. Three layers of Scotch tape had a thickness close to 160 µm, and the tape
was placed on a flat surface and a microscope that captures the image to a computer
via a camera was used to focus on the top of the tape layer. The microscope adapter
and camera used were Amscope FM A050 fixed microscope adapter and a Amscope
MU300 Microscope digital camera, respectively. Once focused, the microscope position was locked in place and then moved to the hot-wire that was placed close to
the disk. By using the Velmex stepper motor controllers, the hot-wire was manually
moved closer to the disk in small increments until it was in focus.
Because the hot-wire is extremely thin, it was difficult to judge accurately when
the sensor was in focus as the filament diameter is on the same order of magnitude
as a few pixels on the screen. This method was, however, the best tool available for
pinpointing the wall-normal distance of the hot-wire. The quantitative error of setting
the initial wall-normal distance from the disk to the hot-wire using this method is
difficult to determine. It was however necessary to offset the tangential measurements
slightly to align the results. The procedure and justification for doing this will be
discussed in detail in Section 3.3.
All measurements were carried out at a sampling frequency of 50 kHz. When
analysing the data a 12 kHz low-pass filter was used to filter out electronic noise
as it was assumed that no turbulent eddies with frequencies higher than this would
be found in the flow. From energy spectra analysis discussed in section 3.4.1, the
used cut-off frequency is borderline as the highest frequency fluctuation with significant energy content in one of the measurements were approximately 12 kHz. Thus,
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the measurements may be influenced by attenuation or amplification caused by the
response of the hot-wire not being able to capture the fluctuations properly.

2.3.1

Hot-wire Calibration

A calibration jet was built from a 3.34 in diameter, 10.5 in long tube that was
initially sealed on both ends. One end has a hole drilled into it and connected to
an airline. The other end was fitted with a nozzle with a 1/4 in exit diameter. The
side of the cylindrical tube had a third hole drilled for a static pressure tube to be
attached. The area ratio between the nozzle exit and the pressure chamber was 178.5,
making it reasonable to assume that the velocity in the pressure chamber is negligible
compared to the exit velocity of the jet. Thus, the static pressure in the chamber
can be assumed to be the same as the stagnation pressure in the chamber. When the
chamber is pressurized, the stagnation pressure can thus be directly measured and,
together with the ambient pressure, the exit velocity can be calculated by means of
Bernoulli’s equation, i.e.,
Vjet =

s

2(p0 − pa )
ρ

(2.8)

where Vjet is the jet velocity at the exit, p0 is the chamber stagnation pressure,
pa is the ambient pressure and ρ is the fluid density. The jet was located adjacent to
the disk such that the jet stream could easily be accessed by the traverse-mounted
hot-wire. The coordinates of the location of the calibration jet nozzle was recorded,
allowing the traverse to be moved directly back to these coordinates every time a
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calibration was needed. The calibration jet was mounted to two aluminum box angles,
and the box angles were similarly mounted to the table, as shown in Figure 2.7.

Figure 2.7. Calibration jet configuration.

The calibration procedure was carried out by recording the voltage output from
the hot-wire and the pressure difference between the ambient and the calibration jet
chamber pressure, and for several different jet velocities. For each of the velocities,
the pressure difference was used to calculate the velocity using Equation 2.8, and then
plotted against the corresponding hot-wire voltage reading. This methods gives the
calibration curve. Seventeen points were used for the calibration, ranging from 0 to 30
m s−1 . The sampling time used was 45 seconds for each point. Once the calibration
curve was obtained, a fourth order polynomial was fitted to the experimental data to
obtain the coefficients. The calibration coefficients and are used to convert the voltage
output from the hot-wire measurements into flow velocities. A typical calibration
curve is shown in Figure 2.8.
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Figure 2.8. Typical hot-wire calibration curve. The circles represent
the measured data points while the solid line is the curve of the fourth
order polynomial fit.

2.3.2

Hot-wire Angle Sensitivity

A 180◦ angle sensitivity study was carried out to determine the sensitivity of the
hot-wire to variations of flow angles. During the measurements, the maximum mean
velocity at any given z-location will always be angled at some small outward angle
from the tangential velocity direction. As boundary layer measurements were only
carried out in the tangential and radial velocity directions with a single hot-wire
probe, the sensor is always measuring velocities at an angle, thus it is important to
establish the angular response of the hot-wire.
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The angle sensitivity measurements were carried out as two measurement sets
using the calibration jet. The hot-wire was manually placed so that it was facing
directly into the jet stream at zero degrees. A MATLAB program was then ran to
sweep 90◦ to the positive side. After the sweep, the angle was reset and a similar
measurement was carried out in the negative direction. The regulator controlling
the pressure line to the calibration jet unfortunately had a small leak, reducing the
jet velocity very slowly over time. Consequently, there was an offset in the velocity
measurement at zero degrees of 0.0362 V. This offset was added to the hot-wire
output for the negative sweep and the two sweeps were then combined into a full 180◦
sweep. The resulting curve is shown in Figure 2.9. The sensitivity curve appears to
be parabolic in shape and fairly symmetric about the center (zero degrees) to about
±70o . For larger angles than this, the hot-wire probe prong arms are likely disturbing
the flow. The data was fitted between approximately ±70◦ with both a second-order
polynomial and a cosine function.
The sensitivity curve shows that it is reasonable to assume that the hot-wire
response is trigonometric until approximately ±70◦ . This means that if measurements
are made at an angle larger than this, it will contain errors. This is, therefore, likely
to be the case for the radial measurements carried out in this study. The magnitude of
the error will depend on the actual angle between the measurement and the maximum
mean velocity direction at a given wall-normal distance.
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Figure 2.9. Hot-wire angle sensitivity sweep from -90 degrees to 90
degrees made from two right angle sweeps, fitted with both a second
order polynomial and a cosine function in the range ±70◦ .

2.3.3

Maximum Mean Velocity Angle

The angle that the mean velocity makes with the disk tangent changes with distance to the wall due to the tangential and radial velocity profiles being different
functions of the wall-normal coordinate. Prior studies (Littell, 1991; Cham & Head,
1969) have shown that the angle between the tangential and the maximum mean
velocity vector is θ < 30◦ for any given distance from the wall. The exact maximum
angle depends on the wall-normal location and the local disk Reynolds number. Determining the maximum mean velocity direction for any given wall-normal location
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can be quite challenging and/or very time-consuming. Cham & Head (1969) estimated this angle by carrying out sets of paired single hot-wire probe measurements
90◦ apart. When these two measurements yield the same mean velocity, the flow angle is the average of the two hot-wire measurement angles. Their estimated error for
this method was ±1◦ . While obtaining a low uncertainty it will take quite a while to
determine the two measurement angles 90◦ apart, that gives the same sensor output
for every single measurement height.
Littell (1991) solved this differently by using a three-hole probe, dual 45◦ hotwire and cross-wire measurements. In the former, three pitot tubes are soldered
adjacent to each other in one plane with the two outside tubes chamfered at 40◦
angle. Because of the chamfers, the maximum mean velocity angle can be found by
aligning the probe such that the two outside tubes are reading the same pressure.
The method was estimated to have an uncertainty of ±1◦ as well. It is worth noting
that one downside with using pitot tubes is that the temporal response time is much
lower than that of hot-wire, thus the output is being temporally averaged. In this
particular case it is of no consequence as the mean velocity angle is being determined.
Another disadvantage with using pitot tubes is that they suffer from a venturi effect
when close to the wall, causing errors when determining the maximum mean velocity
angle close to the disk surface (Littell, 1991).
To avoid having to directly locate the maximum mean velocity angle a priori,
a dual 45◦ hot-wire probe or a cross-wire probe can be used. These sensor works
similarly by measuring the instantaneous velocity in the same plane in two directions.

67
The data from the probes are essentially two individual measurements with known
angles, yielding two linear equations with two unknowns (the velocity components)
and thus the maximum velocity angle can be found (Littell, 1991). The result of this
technique is however spatially averaged data due to the probes not measuring at the
exact same spatial location.
Because of the drawbacks of determining the maximum mean velocity angle using
these methods, it was desired to come up with an automated sequence to determine
the maximum mean velocity angle, while keeping spatial averaging to a minimum.
Although never used for any measurements in the current study, a MATLAB code
was written that sweeps through a range of predetermined angles, fits a second order
polynomial (a trigonometric function could be used instead) to the output data and
then determines the maximum function value location. In the end it does a measurement at the calculated maximum to verify that this point indeed coincides with the
polynomial fit at its maximum value. The code works on the assumption that there
is only one inflection point in the flow.
The method was tested on the calibration jet with reasonable results for determining the location of the maximum. By the end of the measurement collection and
calculation of the maximum, the value at the maximum velocity angle was observed
to have dropped quite a bit due to the regulator leak. The sample test data is shown
in Figure 2.10. Due to the leaking regulator, the error of the procedure was difficult to quantify. Without the leak, the most significant source of error would be to
determine accurately a reference angle for the hot-wire probe, either at the initial
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Figure 2.10. Plot showing the process of automatic determination of
the maximum mean velocity angle.

placement or to the maximum mean velocity angle at the end of the measurement.
This was estimated to be 0.5 − 1◦ , but could potentially be as good as the resolution
of a pulse from the stepper motor.

2.4

Pressure Transducer
A TSI Velocicalc 9565-P pressure transducer was used both for tracking the ambi-

ent pressure during experimentation and to calibrate the hot-wire. It had two pressure
ports and output the measured pressure of the first port and the pressure difference
between the two ports.
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2.5

Temperature Sensor
The temperature is recorded before calibration of the hot-wire, and before and af-

ter a boundary layer measurement, to allow for the calculation of the density through
the ideal gas law; i.e.,
p = ρRs T

(2.9)

where p is the pressure, ρ is the density, Rs is the specific gas constant and T is
the temperature. A NI-USB TC01 temperature sensor was used to record the room
temperature and could be connected directly to the pressure transducer or to the
computer via USB.

2.6

Laser Displacement Sensor
It was important to be able to track the maximum deflection of the disk at different

radii to know how close to the surface the hot-wire could be placed without being damaged. It would also give an idea of the magnitude of the errors in the measurements
caused by the disk oscillations. Laser displacement measurements were completed at
several different times throughout the experiment due to hardware changes or changes
to the disk surface. The sensor used for this was a MTI Instruments LTS-200-100
Laser Displacement Sensor with a maximum sampling rate of 300 Hz. The sensor was
temporarily clamped to the traverse arm that extended out over the disk while carrying out laser measurements. It used its own power supply and was connected directly
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to a computer via USB. MTI Instruments’ MicroTrak 3 Basic Support software was
used to log the displacement.
The laser sensor was used to track the local maxima and minima of the disk
surface. Although extremely fine, the grind-pattern in the disk surface scattered
the laser light at certain locations on the disk. This made the laser reflection very
weak at certain locations and thus gave erroneous readings while the disk rotated.
The solution to this was to cover the aluminum surface with a plastic film that gave
the entire disk the same reflective properties. It was not possible to obtain a 48
in wide film, so three pieces of film was carefully placed side-by-side to cover the
entire surface. Regardless of how precisely these were placed, slight overlaps or gaps
between the pieces were unavoidable. However, because of the small area of influence
and the limited sampling rate of the sensor, it was deemed unlikely that the sensor
would detect these while the disk was rotating. The extensions could still have caused
some disturbances in the flow and a potential impact hazard for the hot-wire sensor
however. Thus, fine grain sand paper was used in an attempt to smooth out the
extension slightly.
Through the laser measurements, the shape of the disk surface was mapped. In
an attempt to even out the small flatness issues, small pieces of tape were placed
between the flange and the disk at different locations. However unlikely, the tape did
alter the shape of the disk slightly and over a few days of work, the surface flatness
at a radius of approximately 17 in was improved to within ±30 µm. Measurements
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showed that at smaller radii the deflection was of the same order of magnitude, while
it increased to about the double when a radius of approximately 21.5 in was reached.

Figure 2.11. Displacement trend during a transient slowdown.

It is worth noting that the displacement got exponentially smaller the faster the
disk was rotating. Figure 2.11 shows the trend of the displacement measurement
while the disk was slowing down from 480 RPM to rest. Note that the graph does
not show the instant that the slowdown started at as the program only saved the last
120 seconds of data. The trend is however the same for the entire transient. The
question is if this effect was caused by the disk actually being stretched and flattened
out by the centrifugal forces in the rotating system, or if it was an error due to the
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sensor sampling rate being too low. Three considerations were taken into account to
argue that the latter was not the case.
First, the distance moved by the disk between each sample was calculated. The
displacement measurements were carried out at a maximum of 480 RPM = 8 Hz. The
actual sampling rate of the sensor averaged about 297 Hz when set to the maximum
300 Hz. Thus, the sensor did approximately 37 measurements of the surface every
revolution. At the largest measured radius, 21.5 in, this corresponded to approximately one measurement every 3.5 in of rotation. This should have been enough to
catch the actual warps in the disk, as only two distinct peaks (one more significant
than the other) could be observed either by the naked eye or by the sensor. Second,
the same effect of decreasing displacement was seen at all radii, not just the largest.
The effect was more prominent at larger radii, but this is to be expected as the local
centrifugal force increases linearly with the distance from the center of rotation as
given by:
dF = Ω2 rdm

(2.10)

where dF is the local force, dm is the local mass, Ω is the angular velocity and r is
the local radial distance from the axis of rotation. Third, if sampling for a sufficient
amount of time, the measurements should eventually pick up every point on the disk
and thus spikes that correspond to the displacement values observed at lower RPM
should be detected. This was never observed. The only reason this assumption would
be untrue is if the rotation frequency and the sampling frequency were phase locked.
Thus, it was concluded that the increase in RPM will actually level the disk surface
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out. This was good news, as it implies that a large radius disk can be made flat while
spinning, if a powerful motor can get it rotating at a sufficiently large RPM.
It was discovered that the disk was further warped while applying the additional
layers of plastic film. As 580 RPM was the maximum rotational velocity that could be
reached with the large disk, it was decided to only carry out new laser displacement
measurements at this rotational speed. The measurements were recorded at three
different radii. The results are shown in Table 2.1, while short time samples of the
laser displacement sensor output at can be found in Appendix B.
It is suspected that something is wrong with the laser displacement sensor as the
largest measured displacement is less than five times smaller than the thickness of
a human hair. It was possible to see the oscillation of the disk with the naked eye,
something that would be impossible if the oscillation was as small as the laser sensor
indicates. With proper laser displacement data, the average surface roughness of the
disk, ks , could have been calculated, which would have given more data that could be
used to compare the measurements to 2D rough-wall zero pressure gradient boundary
layer measurements. ks is given by
ks =

∆wobble
2

(2.11)

Here, ks is the average surface roughness and ∆wobble is the maximum displacement
of the disk oscillation.
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Table 2.1. Wall-normal surface displacements at different radii for the
48 in diameter disk in its final configuration.
Radius [m]
0.19
0.34
0.52

2.7

Displacement [µm]
±7.0
±12.5
±22.0

Measurement Procedure
Before boundary layer measurements could be carried out, the initial hot-wire

sensor height above the disk surface had to be properly measured. During the first
few tests, the hot-wire was set 160 µm above the disk as described in Section 2.3 and
then 0.01 in was added as a safety precaution after a few sensors impacted the disk
surface during operation. This was also reasonable due to the fact that the hot-wire
was conducting to the disk. While in close proximity of the disk, no useful data
was obtained because of heat conduction, and the effect clearly influenced the sensor
until it was approximately 0.02 − 0.03 in above the disk surface (disk at rest). The
conduction effect should be significantly reduced while the disk is rotating, but no
conduction test was performed while the disk was in motion.
After the sensor height was set, it was moved away from the surface while the
disk was spun up to speed. Once the desired RPM was reached, initially the sensor
was brought back down to its set heigh coordinates. A MATLAB program then
moved the sensor upward at exponentially increasing increments in the wall-normal
direction such that the displacement increments were small close to the disk surface
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and increasing as the hot-wire moved farther away. This was done in an attempt
to better resolve the the small-scale turbulent structures that are dominant in the
near-wall region of the boundary layer. After a few attempts at collecting data it was
however noticed that some strange behavior occurred in the near-wall measurements.
The observed behavior was assumed to be due to lag from the traverse stepping
motor gear when it changed directions to move upward after being moved down. To
avoid this, the sensor was instead placed at the maximum wall-normal distance of
the measurement series and the traverse motion inverted such that the sensor would
only move downward while collecting data.
The actual measurements were run using two different configurations. The first
configuration used the 48 in diameter disk, rotating at 580 RPM, with measurements
carried out at three different radii and the second using the 24 in diameter, measuring
two different radii at three different RPM. Table 2.2 shows a summary of the test
parameters.
Table 2.2. Test parameters.
ddisk [in]
48

24

r [m]
0.19
0.34
0.52
0.127
0.254
0.254

RPM Type [m]
580
Laminar
576
Turbulent
576
Turbulent
565
Laminar
1496 Turbulent
1917 Turbulent
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For each of the measurement series, measurements were taken both in the tangential and radial directions, to obtain the velocity profiles for both the tangential and
radial directions.
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3. Results & Discussion

This chapter will discuss the results from the hot-wire velocity measurements, including the mean flow, turbulent intensity, energy spectra, skewness and kurtosis.

3.1

Wall-Normal Measurement Offset
While carrying out data reduction it was determined that the data did not col-

lapsed well when compared to theory or other experiments. It was suspected that this
was caused by the uncertainties associated with determining the initial wall-normal
distance as the data was shifted, though having the right shape. Contributing to the
uncertainty in the wall-normal coordinate is also the flatness of the disk. The local
wall-normal coordinate at which the hot-wire was set is not necessarily the average
wall-normal distance of the disk at that measurement radius, when in rotation. Thus,
in an attempt to correct for this, an offset in z was introduced during data reduction.
Different methods were used for the laminar and turbulent data sets. By introducing
the offset, it became clear that the data was very sensitive to the proper determination of the wall-normal ordinate, as the offset values necessary to make the data
collapse were small.
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Considering the laminar measurements, the offset was introduced by trial and
error and the output was compared with the analytic solution. The offset introduced
was on the order of O(10−7) m to ensure good fit with theory (refer to Section 3.3.1).
Considering the tangential turbulent measurements, an offset was introduced into
the fit for the law of the wall in Eq. 1.13 as follows:
U
1
= ln
Uτ
κ



(z − z0 )Uτ
ν



+B

(3.1)

where z0 is the offset in the wall-normal direction and Uτ is the tangential component of the friction velocity. A least squares fit of Eq. 3.1 to the logarithmic region
of the experimental data was then used to find z0 and Uτ simultaneously. The values used for the the constants were κ = 0.384 and B = 4.33. The offset used for
the turbulent data is of the order of O(10−4) m for all the data sets. That the offset is larger for the turbulent than for the laminar measurements is not unexpected.
The deviation from a perfectly flat disk increases with the radius and the turbulent measurements were carried out at a larger radii than the laminar measurements.
In addition, rough-wall boundary layer effects may have superimposed itself on the
turbulent measurements, which increases the offset further (Schultz & Flack, 2007).
It must be noted that there is no method to verify that the introduced offsets shifts
the measurement data to a wall-normal coordinate that makes physical sense. The
wall-normal offset from the law of the wall was larger than the minimum distance
between the disk and the hot-wire for the tangential measurement carried out at
r = 0.52 m, Reτ = 1933. This resulted in the shifting of a handful of data points to
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negative values, which is of course physically impossible. This behavior is not clearly
understood. The Reτ = 1933 measurement was carried out at the radial location
where the disk was oscillating the most, which suggests that this measurement in
particular may have to be considered a rough-wall boundary layer. It has been shown
that it is necessary to introduce an offset for measurements carried out in a rough-wall
boundary layer for the data to to collapse well with the law of the wall (Schultz &
Flack, 2007). In addition, the hot-wire may be conducting to the disk. As a result,
there are many uncertainties in this measurement in particular. It was however elected
to use the shifted data but truncate the data set such that the negative data points
and a few of the points closest to the disk were removed.
Considering the turbulent measurements in the radial direction there are no known
scaling laws that that enforce the data collapse, nor any theoretical velocity profiles
to compare with. For these data sets an offset in the wall-normal ordinate was not
introduced. A summary of all experimental parameters, including the offset values
of all the measurements is presented in Tables 3.1 and 3.2 and is discussed in more
detail in the next section.

3.2

Experimental Conditions
Tables 3.1 and 3.2 summarizes the experimental parameters for of the tangential

and radial velocity component measurements respectively. Details on the calculation
of these variables are discussed in Section 3.3.2. For each test case the following
variables are reported where applicable:
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• Measurement radius, r.
• Measurement RPM.
• Wall-normal offset, z0 , determined by fitting measurement data to the law of
the wall.
• Local disk Reynolds number, Re = Ωr 2 /ν.
• Friction Reynolds number, Reτ = δUτ /ν.
• Boundary layer thickness, δ99 .
• Local tangential disk velocity, Uwall (= U∞ in the disk-fixed coordinates).
• Friction velocity, Uτ , determined by fitting measurement data to the law of the
wall.
• Skin friction coefficient, Cf = 2(Uτ /U∞ )2 .
+
+
• Approximate maximum fluctuation frequency, fmax ≈ fmax
Uτ2 /ν, fmax
≈ 0.33.

The boundary layer thickness for the tangential measurements, δ99 , was determined in the following manner. A linear polynomial was fit to the outer portion of
the boundary layer in the disk mounted coordinate system. Using this fit the wallnormal coordinate at 99% of this velocity was calculated. The uncertainty in the data
outside of the boundary layer was negligible compared to the magnitude of the velocity, thus giving reliable estimates of the boundary layer thickness for the tangential
measurements.
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Table 3.1. Summary of tangential mean flow parameters determined
by parametric data fit to the law of the wall (κ = 0.384, B = 4.33).
Case

r
[m]

RPM

1
2
3
4
5
6

0.127
0.19
0.34
0.254
0.254
0.52

565
580
576
1496
1917
576

z0
[µm]

Re

Reτ

δ99
[mm]

Uwall
[m/s]

Uτ
[m/s]

ν/Uτ
[µm]

Cf

fmax
[kHz]

0.115 63029
0.137 144990
-220 461080 919
199
651640 1179
295
834470 1457
665 1078510 1933

2.3
2.8
15.0
10.4
10.3
22.8

7.51
11.5
20.5
39.3
50.4
31.4

0.92
1.72
2.15
1.28

16.3
8.82
7.07
11.8

0.0041
0.0038
0.0036
0.0033

19
64
100
36

Table 3.2. Summary of radial mean flow parameters.
Case

r
[m]

RPM

z0
[µm]

Re

δ99
[mm]

Uwall
[m/s]

1
2
3
4
5
6

0.127
0.19
0.34
0.254
0.254
0.52

587
576
576
1504
1912
584

-0.049
0.277

65645
143240
458690
655420
826640
1093100

2.3
2.8
15.0
10.4
10.3
22.8

7.81
11.5
20.5
39.5
50.2
31.8

Determining the boundary layer thickness of the radial measurements were more
challenging as the velocity at the edge of the boundary layer approaches zero in both
the lab coordinate as well as the disk coordinate systems. Close to zero, the uncertainty in the velocity measurements increase. Thus, the boundary layer thickness
was estimated to be the same as the corresponding measurements in the tangential
direction, even though the RPM is slightly different for each pair of measurements.
Note that the friction velocity, Uτ , and thus Reτ and Cf can not be determined for
the radial measurements.
Considering Table 3.1, a few observations can be made:

82
• The boundary layer thickness is a function of the measurement radius only.
• Uτ is approximately a function of the product of the RPM and the measurement
radius which makes it approximately proportional to the local disk velocity.
• Reτ is approximately a function of the product of the square of the radius and
the RPM, the product of the local disk velocity and measurement radius or the
local disk Reynolds number.

As discussed in a prior section it is desirable to attain high Reynolds numbers as
this increases the scale separation within the boundary layer. If this is achieved by
increasing the RPM, the boundary layer becomes thin, making it more challenging
to carry out measurements close to the wall. This is especially true for carrying
out measurements directly within the viscous sublayer. However, by carrying out
measurements at a large radius and moderate RPM, high Reynolds numbers can be
achieved with a fairly thick boundary layer, thus enabling easier measurements within
the near-wall region.

3.3

Mean Flow
This chapter discusses the mean flow measurements on the rotating disk. Mea-

surements in both the laminar and turbulent regimes were carried out.

83
3.3.1

Laminar Boundary Layer Measurements

The laminar boundary layer was measured on both the large and small disks for
comparison with the von Kármán solution for an infinite rotating disk in a quiescent fluid. This was done to characterize the experiment and establish how well the
measurements agree with the theoretical solution (numerical data taken from White
(1974)). The results were also compared to the laminar measurements carried out
with single hot-wire probes by Littell (1991). Following the notation of White (1974),
Figure 3.1 shows the radial and tangential velocity components in terms of dimensionless functions F and G, defined as:
Ur = rωF (z ∗ ),
where, z ∗ = z
disk.

p

Uθ = rωG(z ∗ )

(3.2)

ω/ν is the laminar normalized wall-normal distance from the

It can be seen that the tangential component of velocity compares well with the
analytical solution after the wall-normal offset was introduced. The radial data fits
well until close to the inflection point, where the magnitude is significantly larger than
theory. This is likely not an error attributed to the sensitivity of the hot-wire at a
large angle as such an amplitude would be expected to be lower than theory (refer to
the sensitivity curve in Figure 2.9). It is possible that the hot-wire is close enough to
the disk and the magnitude of measured velocity is low enough that that conduction
to the disk becomes significant. This would cause more cooling of the wire and thus
register as a larger velocity. Considering the corresponding tangential measurement,
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Figure 3.1. Comparison between the von Kármán solution of the
infinite rotating laminar BL, laminar measurement by Littell (1991)
and the measured laminar BL in the tangential and radial directions.
The functions F and G represents the radial and tangential normalized
velocity components respectively.

the velocity is likely large enough to make the conduction fairly insignificant and thus
no deviations are observed. The radial velocity closest to the wall was 1.76 m/s while
corresponding tangential velocity was 7.44 m/s.
Note also that far from the disk the velocity does not go to zero. This is likely due
to the entrained air flow having swirl and can likely be reduced by installing guiding
vanes around the disk.
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3.3.2

Turbulent Boundary Layer Measurements

The law of the wall is a classical boundary layer formulation that is a very useful
tool as it postulates that if the freestream velocity, BL thickness, distance to the
wall and the fluid properties are known, the shear stress is uniquely determined
(Kulandaivelu, 2011). To directly measure the mean wall shear stress, τw , poses
significant challenges. Thus the law of the wall is the simplest method available
which gives good estimates of the wall shear.
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Figure 3.2. Tangential mean velocity profiles in inner scaling over a
range of Reynolds numbers. Here, z + = zUτ /ν and U + = U/Uτ is the
inner-normalized wall-normal distance and tangential velocity scaled
by the friction velocity respectively.
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Considering the tangential boundary layer measurements, both inner scaling and
outer scaling have been employed. Figures 3.2 and 3.3 show the tangential mean
velocity profiles, U, in inner and outer scaling respectively. It is expected that inner
scaling is better closer to the wall and that outer scaling collapses the data better
outside of the buffer layer as discussed in Section 1.2.3. From Figure 3.3 it is clear
that outer scaling holds from approximately z/δ = 0.2 to the edge of the boundary
layer.
In inner scaling, the law of the wall is expressed as
U+ =

1
ln z + + B
κ

(3.3)

Here, z + is the inner-normalized wall-normal distance and U + is the tangential
velocity normalized by the friction velocity. In Figure 3.2 the inner scaled data is
plotted along with the law of the wall and the near-wall approximation U + = z + .
It is clear that none of the measurements got close enough to the wall to be inside
the viscous buffer layer. In inner scaling, the law of the wall should give a good fit
in the log layer and inside. This does seem to hold true for the outermost region
of the log layer, but deviation from the law of the wall is seen to get worse as the
wall is approached. The data mostly deviates to higher values of U + close to the
wall. This is likely due to hot-wire conduction as the sensor is being cooled down
more than by the velocity alone, similar to what was observed for the laminar radial
measurement. It could however also be related to the overshoot from the log-law
experienced by Kulandaivelu (2011). With no data points available closer to the
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wall, it is however unknown if this is the same observation. Kulandaivelu (2011)
noted that the overshoot suggests that the values of κ and B are incorrect. It is
not possible to know if this is the case as κ and B can only be determined based on
independent wall-shear stress measurements.
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Figure 3.3. Tangential mean velocity profiles in outer scaling over
a range of Reynolds numbers. U∞ is the local disk velocity at the
measurement radius.

However, as opposed to the data sets by Kulandaivelu (2011) that all followed the
same trend of a slight overshoot from the law of the wall, the data sets in Figure 3.2
are diverging, suggests issues with the measurements themselves, especially close to
the wall. The wobble caused by the disk essentially enforces a dynamic (periodic)
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perturbation which will affect the near-wall region. As previously mentioned, one
possible uncertainty is the wall-normal offset being incorrect. The exact distance
moved by the traverse is another source of error. It is clear that the present measurements are sensitive to the wall-normal distance due to the small magnitude of
the wall-normal offsets introduced in the measurements. Both traverse position, disk
oscillations, spatial averaging cause by the disk oscillations, the data used to fit the
law of the wall and hot-wire conduction to the disk will all impact the accuracy of the
measurements and their effect will become more significant in the near-wall region of
the boundary layer.
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Figure 3.4. Tangential mean velocity profiles in outer scaling over
a range of Reynolds numbers. U∞ is the local disk velocity at the
measurement radius.
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For the radial measurements, only outer scaling was used and the data plot can
be seen in Figure 3.4. The measurements are all showing the same trend, but does
not collapse as well at the edge of the boundary layer as the tangential data. This
is likely due to the same uncertainties in the wall-normal determination of the hotwire position and the fact that the velocity is approaching zero outside the boundary
layer. It can also be observed that the measurement at a radius of 0.34 m shows
non-physical behavior close to the wall. This points to problems with the traverse
and/or heat conduction to the disk. This measurement set was the only one that was
started close to the disk surface. Beyond this measurement, the traverse movement
was reversed to remove problems with directional change close to the disk, where very
small accurate increments of movement were desired.
It is worth noting that there appears to be some correlation between the amplitude of the radial flow close to the wall and the RPM of the measurement. The two
measurements carried out on the large disk at the same RPM collapse fairly well.
The two measurements carried out on the small disk were at higher RPMs and are
spaced accordingly. While this difference could be attributed to measurement inaccuracy and/or different angle sensitivities at large angles for the different hot-wires
used during the measurements, it is more likely to be an actual observation. This
behavior is similar to that observed by Littell (1991). The increase in radial velocity

90
is assumed to be caused by the fact that the centrifugal (or centripetal) acceleration
is proportional to the square of the disk velocity:
ac =

2
U∞
= Ω2 r
r

(3.4)

where ac is the centrifugal (centripetal) acceleration. Equation 3.4 also shows
the proportionality of the radius on the centrifugal acceleration. Based on this there
should be an observable difference at the two low RPM measurements, which is not
seen. This suggests that there may be other factors affecting the radial velocity as
well. Regardless, it appears that the radial velocity is not properly scaled by outer
scaling. As far as the author is aware, there are currently no known scaling schemes
for the radial component of the velocity over a rotating disk boundary layer. It is
however interesting to note that the radial velocity profiles in Figure 3.4 suggests that
the radial velocity component is independent of the Reynolds number. If the radial
velocity profile is indeed independent of the Reynolds number, it would suggest that
the Reynolds number is not the characterizing parameter for the radial velocity on a
rotating disk, which would be unusual in a flow problem.
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3.4

Broadband Turbulence Intensities and the Associated Spectra
In this chapter the tangential and radial broadband turbulent intensities and their

associated spectra will be discussed. The turbulent intensity of the velocity is the
variance of the velocity and is defined as:
N

u2

1 X
=
|ui |2 = σ 2
N − 1 i=1

(3.5)

Here, u2 is the tangential turbulent intensity, N is the summation limit, u is the
fluctuation component of velocity and σ is the standard deviation of the signal. σ 2 is
the variance.
The tangential turbulent intensity is plotted in both inner and outer scaled variables while the radial turbulent intensity is only scaled on outer variables. Figure 3.5
shows the inner-scaled turbulent intensity profiles of the tangential velocities, compared with the 2D zero pressure gradient turbulent boundary layer data at a few
surface roughness and Reynolds numbers (data from Schultz & Flack (2007)). The
turbulent intensity profiles are expected to scale well in inner variables close to the
wall if the mean velocity profile scales well in inner variables (Townsend, 1956; Tennekes & Lumley, 1972). However, Kulandaivelu (2011) notes that this statement is
generally not supported by measurements. The turbulent intensity seem to follow the
general trend for these profiles from the edge of the boundary layer to z + ≈ 200−300,
which is approximately the range for which good collapse was observed in the inner
scaled mean velocity in Figure 3.2.
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Figure 3.5. The tangential turbulent intensity profiles in inner scaling
are compared with hydraulically smooth and rough-wall turbulent
intensity profiles from 2D zero pressure gradient turbulent boundary
layers measurements (Schultz & Flack, 2007).

It is difficult to find any clear Reynolds number trend in the inner-scaled tangential
turbulent intensity profiles, but it can be observed that the intensity is increasing
with the Reynolds number from z + ≈ 200 to the edge of the boundary layer. Below
z + ≈ 130, this seems to be reversed, with the exception of the largest Reynolds
number measurement.
Close to the wall the two measurements carried out on the small disk (Reτ = 1179
& 1457) dip down, while the two other measurements (Reτ = 919 & 1933) continue
increasing. It is normal that the intensity profile flattens out as the inner peak is
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approached. This behavior is exerted more so by the two measurements from the
small disk. Both measurements from the large disk shows similar trends when compared with the 2D measurement data. The lowest Reynolds number measurements
(Reτ = 919) are seen to have a significantly lower magnitude than the hydraulically
smooth 2D measurement. It can be seen that the highest Reynolds number measurements (Reτ = 1933) from the large disk shows behavior similar to a rough-wall
boundary layer. The other turbulent intensity profiles does not seem to correspond
well with any of the 2D measurements, not even the hydraulically smooth. This may
be due to fundamental differences in the 2D and 3D turbulent boundary layers, signal
attenuation caused by spatial averaging or a combination of these and other factors.
Imayama et al. (2014) noted that lower magnitudes were observed in the rotating
disk turbulent intensity profiles when compared to 2D profiles. They concluded that
the observed deviation could not be attributed to spatial averaging and was likely
an inherent difference between the 2D boundary layer and the rotating disk flow.
If the 3DTBL turbulent intensity is indeed significantly lower than its 2D counterpart, the observations from Figure 3.5 suggests that the measurement carried out at
Reτ = 1933 has a very large average roughness.
Without being able to calculate the average surface roughness, ks , it is difficult
to draw any more substantiating conclusions as to if some of the measurements have
similarities to rough-wall boundary layers. It is possible that the largest Reynolds
number measurement (Reτ = 1933), which was made at the radius closest to the edge
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where the disk oscillation was the worst, can contribute its deviation from the other
measurements to rough-wall effects.
The inner peak in the turbulent intensity profile, nominally located at z + ≈
14 − 16, can not be seen in any of the measurements as none of them were close
enough to the disk surface to resolve the peak.
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Figure 3.6. Tangential turbulent intensity profiles in outer scaling.

Figure 3.6 shows the turbulent intensity in outer scaling. In outer scaling the
intensity plots collapse well from z/δ ≈ 0.3 to the edge of the boundary layer. Closer
to the wall the plots diverge which is not unexpected in outer scaling. Similar to the
inner-scaled plot, there seem to be better collapse between the pair of measurements
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carried out on the same disk. This might allude to varying surface roughness of either
disk.
Figure 3.7 shows the inner-scaled tangential turbulent intensity profiles decomposed into contributions from the small scale (λx < δ99 ) and large scale (λx > δ99 )
structures. It should be noted how small the relative contribution from the small scale
turbulent structures are in this figure. This is likely due to not getting close enough
to resolve the inner turbulent peak. It is however interesting to note that there seem
to be clear evidence of an outer peak in the turbulent intensity contribution from the
large scale structures. The peak is seen to lie somewhere in the range 90 < z + < 200,
and shifts farther away from the wall as the Reynolds number increases.
Figure 1.8b shows that when decomposed, the small-scale turbulent structures
are independent of the Reynolds number, while the large-scale structures are not.
This same trend is not observed for the small scales in Figure 3.7 and may indicate
that there is a fairly significant modulation effect of these scales caused by the disk
perturbations. It could however also be contributed to the wide range of measurement
uncertainties.
The outer-scaled turbulent intensity profiles for the radial measurements are shown
in Figure 3.8. These measurements seem to collapse in general, especially from z/δ ≈
0.2 to the edge of the boundary layer, which is the expected range for outer scaling.
Signal attenuation caused by the difference in inner-scaled sensor lengths, l+ =
lUτ /ν, for the various measurement can explain some of the deviations in the turbulent
intensity profiles. Assuming that all the physical sensor lengths were approximately
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Figure 3.7. Decomposed tangential turbulent intensity profiles in inner scaling. The cut-off used for separating the contributions from
the small scales and the large scale turbulent intensities was taken at
λx = δ99 .

the same for all the turbulent measurements, the difference in turbulent length scales
(Table 3.1) will give large differences in inner-normalized sensor lengths. It was
previously estimated that the inner-scaled sensor length range would be between 30
and 70, where the two measurements at high RPM (Reτ = 1179 & 1457) will be
closer to the highest end of the range. The measurement at the lowest Reynolds
number (Reτ = 919) would be closer to the lowest end of the range, while the largest
Reynolds number measurement (Reτ = 1933) will be somewhere in between. The
signal attenuation will be more prominent for larger l+ .
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Table 3.1 shows that the viscous length scales of the two measurements on the
small disk (Reτ = 1179 & 1457) are approximately the same. It was also observed that
these measurements collapsed fairly well as compared to the the rest of the data, which
suggests that signal attenuation is likely a large contributing cause of measurement
uncertainties, especially for those carried out over the small disk. Considering the
measurements in the decomposed turbulent intensity plots in Figure 3.7 it can be seen
that the signal attenuation effect is more severe at larger inner-scaled sensor lengths
and becomes amplified as the wall is approached, which both are characteristic of
spatial averaging of the measurements.
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3.4.1

Energy Spectra

Energy spectral density plots, commonly known as energy spectra, of the turbulent
measurements will be presented in this section in an attempt to provide a picture of
the turbulent energy distribution in the wall-normal and wavelength space along with
its evolution with increasing Reynolds numbers. Figure 3.9 shows the tangential premultiplied energy spectra, kx Φuu , for the turbulent measurements as a function of
the wall normal distance, z, and the wavelength of the turbulent eddies, λx , in inner
scaling. Figure 3.10 shows the corresponding plots in outer scaling. Both figures
have their respective contour maps plotted on identical axes along with identical (in
magnitude) color contours.
Considering the calculation of the energy spectra, Taylor’s frozen flow hypothesis
was used to interpret the temporal fluctuations as spatial fluctuations, such that:
λx =

2π
U
=
kx
f

(3.6)

Here λx is the wavelength of the fluctuation, kx is the corresponding wave number,
U is the local mean velocity and f is the fluctuation frequency. Taylor’s hypothesis
assumes that the flow is frozen or evolving on a times scale much larger than the
advection such that the local mean velocity can be used as the convection velocity
when converting from the frequency to the wavelength space (Smits, McKeon, &
Marusic, 2011).
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The tangential energy spectral density function, Φuu , has been pre-multiplied by
kx , thus equal areas under the curves correspond to equal energies when plotted on
logarithmic axes, similar to the discussion of Figure 1.5b.
The inner scaled plots in Figure 3.9 shows the evolution of the energy for Reτ =
919, 1179, 1457 & 1933. As for the turbulence intensity profiles, it can be seen that
a peak in the energy is approached close to the wall, but that it cannot be fully
resolved. As seen in Figure 1.11, the inner peak in the energy spectra is expected to
be fixed at approximately z + = 15 and λ+
x = 1000 when scaled by inner variables for
2D boundary layers (Kulandaivelu, 2011; Marusic, Mathis, & Hutchins, 2010). Here
λ+
x = λx Uτ /ν is the inner-scaled wavelength. The contour plots in Figure 3.9 seems to
agree well with the expected inner-peak location over the range of Reynolds numbers
for this study. The peak energy production in the plots are located at wavelengths
slightly larger than λ+
x = 1000 since the measurement were not close enough to the
disk to resolve the actual inner peak. In the outer region of the boundary layers the
most energetic structures are seen to have larger wavelengths, which increase with
increasing Reynolds number.
Weak signs of an emerging outer peak can be seen in Figure 3.9d at z + ≈ 200,
λ+
x ≈ 1500 and in Figure 3.10d at z/δ ≈ 0.13, λx /δ ≈ 1. Comparing with Figure
1.11, it seems reasonable to assume that a Reynolds number of at least Reτ > 3000
must be reached before an outer peak and its effect on the overall turbulence can be
distinguished in the energy spectra for the rotating disk flow. Although Reτ = 1700
was proposed as the limiting Reynolds number to be able to distinguish the contri-
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butions to the bulk energy production from the small and large turbulent structures
in the boundary layer, there are no obvious signs of an outer peak in the turbulent
intensity plot (Figure 3.5) nor the energy spectra (Figure 3.9d) for the measurement
at Reτ = 1933. It is however possible to distinguish the outer peak in the decomposed
turbulent intensity profiles in Figure 3.7, which verifies that there is no sharp cut-off
for when the outer peak can be distinguished.
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Figure 3.9. Contour map of the tangential inner-scaled pre-multiplied
energy spectra, kx Φuu /Uτ2 , over a range of Reynolds numbers, (a)
Reτ = 919, (b) Reτ = 1179, (c) Reτ = 1457, (d) Reτ = 1933. The
ordinate shows the inner-scaled wavelength and the abscissa shows the
wall-normal position in inner scaling. All contour maps are plotted
on the same axes with the same color scale and was cut off at 1.2 to
show the relative energy between the measurements.
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Figure 3.9 also shows that there is a significant difference in the magnitude of the
intensity between the measurements from the small disk (Reτ = 1179 & 1457) and
the large disk (Reτ = 919 & 1933). The phenomenon seems to have no correlation
with the Reynolds number. It can even be seen that the maximum turbulent intensity
is slightly lower for the Reτ = 1457 measurement than in the measurement at Reτ =
1179. These observations are in agreement with the turbulent intensity plots in
Figure 3.5. The only hardware difference between the data are the disks and if scaled
properly, should yield approximately the same energy near the wall (as the inner peak
is only a weak function of the Reynolds number). Similar observations can also be
made for the plots in Figure 3.10 for the outer-scaled measurements.
While not confirmed, it is likely that this is caused by temporal and/or spatial
resolution issues. Considering Figure 3.10, it can be estimated, using the largest mean
velocity value for each case, that maximum encountered frequency with a relatively
substantial energy in these measurements were fa,max ≈ 4.6 kHz, fb,max ≈ 9.4 kHz,
fc,max ≈ 12 kHz and fd,max ≈ 9.2 kHz. The subscript denotes the frequency corresponding to the plots in Figure 3.10. The frequencies are relatively high, especially
fc,max is estimated to be the approximately the same frequency as the cut-off frequency for the low-pass filter that was used on the measurements. This may indicate
that some frequencies was removed by the filter. Kulandaivelu (2011) noted that
most hot-wire measurements would experience an error due to the hot-wire response
being attenuated or amplified if frequencies with significant energy in excess of 8 kHz
were encountered. This statement was made based on square wave hot-wire response
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measurements carried out at different freestream velocities. The hot-wire response
was never measured in the current experiment, but it is strongly recommended to
do so for future experiments, as the frequency response of the hot-wires used in this
study may have been significantly different from the ones employed by Kulandaivelu
(2011).
Temporal resolution becomes increasingly difficult to deal with for higher Reynolds
number measurements as the maximum frequency fluctuation observed in the flow
increases (Kulandaivelu, 2011; Hutchins et al., 2009). Hutchins et al. (2009) provided
an equation to estimate the maximum frequency present in the flow, for 2D turbulent
boundary layers, given by
+
fmax ≈ fmax

Uτ2
U2
≈ 0.33 τ
ν
ν

(3.7)

+
Here, fmax , is the estimated maximum fluctuation frequency in the flow, fmax
is

the inner-scaled fmax , Uτ is the friction velocity and ν is the kinematic viscosity. It
should be noted that this may not be an accurate estimate for the maximum frequency
in a 3DTBL. Assuming that Eq. 3.7 is applicable to 3DTBLs, the results (Table 3.1)
suggest that the maximum frequencies in the flows are significantly larger than what
was expected when applying the low-pass filter to the measurements. These high
frequencies may not have been encountered however, as the near-wall region was
not quite resolved. Thus, it is difficult to estimate the magnitude of uncertainty in
the measurements caused by temporal resolution effects. If Eq. 3.7 gives reasonable
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estimates for the maximum frequencies encountered in the 3DTBL, the results suggest
that a lot more attention must be paid to the effects of temporal resolution as well.
Based on the above discussion, it is therefore quite plausible that temporal resolution is responsible for the lower energy content in the larger Reynolds number
measurements, as observed in both the turbulent intensity (Figures 3.5 & 3.6) and
the energy spectra (Figures 3.9 & 3.10).
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Another interesting result from observing Figure 3.9 and Figure 3.10 are the disk
oscillations. The figures show energy concentrations penetrating the boundary layer
at specific wavelengths, originating at the wall. Because of how energetic these peaks
are, the color scale in Figures 3.9c, 3.9d, 3.10c and 3.10d are reduced from their maximum value to visualize the lower peaks. Thus, these four graphs do not appropriately
depict the magnitude of the energetic lines extending from the wall, only their area
of influence. With properly scaled magnitudes, the details of the energy protruding
into the boundary layer from the wall, are shown in Figure 3.11 in inner scaling and
Figure 3.12 in outer scaling. These figures are plotted with identical wall-normal axes
as in Figure 3.9 and Figure 3.10, but at a reduced wavelength range.
The energy concentrations from the wall likely correspond to perturbations enforced on the measurements by disk oscillations due to the disk not being completely
flat. The spectra suggests that these lines represent frequency harmonics, i.e. frequencies that are integer multiples of a fundamental frequency. Upon closer inspection,
this seems to indeed be the case. For example, the measurement at Reτ = 1933 in
Figure 3.12b shows that the most energetic peak is centered around λx /δ ≈ 74, which
gives a wavelength of approximately λx = 1.687 m. Using the largest measured mean
velocity for this data set, U ≈ 31 m/s, to convert back from space to time using Eq.
3.6, a frequency of approximately f1 ≈ 18.4 Hz is obtained. Similar calculations at
the much weaker energetic lines at the next lower wavelengths yields f2 ≈ 41.0 Hz,
f3 ≈ 54.4 Hz and f4 ≈ 75.5 Hz. Converting the RPM of the test case into a frequency
for the disk, fd = RPM/60 = 1933/60 ≈ 9.6 Hz is obtained. Within the uncertainties
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in the measurements and reading off of the logarithmically scaled axes, f1 − f4 are
integer multiples of the disk frequency, fd . A similar relation can be obtained for the
Reτ = 1457 measurement in Figure 3.12a as well.
It is interesting to note that the fundamental frequency of the disk rotation, fd , is
not present in the energy spectrum. This would suggest that whatever is perturbing
the boundary layer is doing so twice per disk revolution, as the second harmonic frequency is the lowest frequency present in the spectrum. As shown by Figure 2.11 it is
possible to distinguish a secondary peak between each cycle of the laser measurements
of the surface displacement. The secondary peak would have the same effect on the
measurements as the main peak, although at a lesser magnitude. Together the two
disk peaks would be measured as an oscillation frequency double that of the rotational
frequency of the disk, which may explain the missing fundamental frequency in the
spectrum. From the laser displacement measurements it was already known that the
measurement carried out at the largest radius on the large disk had the most severe
oscillations, which is illustrated well as the magnitude of the energetic peaks are significantly larger in Figure 3.9d and Figure 3.10d, corresponding to the measurement
at Reτ = 1933 on the large disk, than for the rest of the spectra in Figure 3.9 and
Figure 3.10.
Good agreement is also observed between the energy spectrum in Figure 3.9a for
the measurement at Reτ = 919 and the laser displacement measurements of the disk
oscillations at r = 0.34 m in Figure B.2. Both agree that the displacement and the
resulting perturbation in the data measured at this radius is very small.
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Relatively significant perturbations in the energy spectra is observed for both the
measurements carried out at the same radius (r = 0.254 m) on the small disk at
Reτ = 1179 and 1457 as well. The small disk was in itself flatter than the large disk,
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but the measurements may have been adversely affected by the plastic film that it
was covered with. The film that was used on the small disk was partially transparent,
which made it impossible to carry out laser displacement measurements of the surface
flatness.
Unlike the two largest Reynolds number measurements, the lines in Figure 3.10b,
corresponding to Reτ = 1179, do not seem to correspond as well with the disk frequency. The three distinguishable lines (the first one very weak) have frequencies of
f1 ≈ 39.4 Hz, f2 ≈ 78 Hz and f3 ≈ 121 Hz, while the disk frequency is fd = 25 Hz. f1
through f3 are approximately integer multiples of each other, but it is uncertain what
the fundamental frequency may be. The disk frequency could be the fundamental
frequency for f2 and f3 as these are very close to integer multiples of fd , but with 3
and 5 as the integers. If this is the case, the even-numbered harmonics of the fundamental frequency may have been cancelled out. It could also be that f1 is caused by
vibration of the apparatus and not be connected to the disk oscillation.
The experienced noise levels encountered while running the two high RPM measurements with the small disk (Reτ = 1179 & 1457) was higher that what was experienced at the lower RPM with the large disk (Reτ = 919 & 1933). Although never
verified, what is likely resonance frequencies of the experimental apparatus were encountered at approximately 1400 RPM and 1700 RPM. It was expected to experience
more noise at high RPM, but the vibrations from the experimental apparatus at high
RPM may have some impact on the measurements that can potentially explain the
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frequencies of the perturbations in the energy spectra from measurements carried out
over the small disk.
Imayama et al. (2014) stated that the frequency of the disk oscillation (24.25 Hz)
was assumed to be too low to directly influence the wall turbulence, but that the
oscillation would affect the distance to the wall. The result is varying mean velocity
measurements close to the wall, which can be one of the contributors to the deviations
between the data sets close to the wall in the mean velocity plots in Figures 3.2, 3.3
and 3.4. It would have been possible to filter out the perturbations, but it was elected
to not do so, as one risks to remove some of the very large scale streamwise turbulent
structures in the flow, which is under investigation in this study. It is evident from
Figure 3.9 and Figure 3.10 that quite a few of the energetic lines are present at the
same wavelengths as some of the larger turbulent structures.
After evidence that the very large-scale turbulent structures modulate the nearwall turbulence (Hutchins & Marusic, 2007a,b; Hutchins et al., 2009; Mathis et al.,
2009; Marusic, McKeon, et al., 2010; Marusic, Mathis, & Hutchins, 2010; Ganapathisubramani et al., 2012; Talluru et al., 2014), the assumption by Imayama et al.
(2014) that the low-frequency disk oscillation does not directly influence the turbulence at the wall may be incorrect. What is interesting in Figures 3.9 and 3.10 is how
far into the boundary layer the perturbations penetrate. Considering the inner and
outer scaled measurement at Reτ = 1457 in Figure 3.9c and Figure 3.10c, it can be
seen that the perturbations can penetrate as deep as z + ≈ 500 and z/δ ≈ 0.4 respectively. As z + ≈ 103 is the edge of the boundary layer, it means that in both cases
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the perturbation extends approximately halfway through the boundary layer. The
figures also show that several of the perturbations are located in the same wavelength
range as the large-scale turbulent structures of the boundary layer, λx > δ. As previously mentioned, these structures are believed to amplitude modulate the near-wall
turbulent fluctuations. Thus, if the perturbation penetrates out to where the large
scale structures reside, they may influence these structures and, as a consequence,
the turbulence at the wall may be affected.
What is interesting with the depth of penetration of the perturbations into the
boundary layer, is that it may have implications that the turbulent boundary layer
can be manipulated by external triggers. To shed light on this an experiment that
compares the 3DTBL on a completely flat disk with a disk with a controlled perturbation would have to be carried out. Researchers have shown that the near-wall
turbulence is influenced by the large-scale structures in the flow and this study shows
how deep perturbations from the wall can penetrate. The next step would be to study
how such a perturbation affects the large scale structures, and implicitly the small
scale structures of the flow. If a path of influence can be found, it is plausible that
the boundary layer could be manipulated into behaving in a favorable way.
Figure 3.13 shows the pre-multiplied energy spectra plot of the radial velocity,
ky Φvv , as a function of the radial wavelength, λy , and wall-normal distance, z, in
outer scaling. Over the range of Reynolds number available to this study, few changes
can be seen in the energy spectra for the radial velocity component. Most of the
energy is produced by turbulent structures within a band of wavelengths from λy /δ ≈
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Figure 3.13. Contour map of the radial outer-scaled pre-multiplied
2
energy spectra, ky Φvv /U∞
, over a range of Reynolds numbers, (a)
Re = 458688, (b) Re = 655420, (c) Re = 826637, (d) Re = 1093091.
The ordinate shows the outer-scaled wavelength and the abscissa
shows the wall-normal position in outer scaling.

0.07 to λy /δ ≈ 0.7. As opposed to the spanwise energy spectra in Figure 1.10, the
spanwise measurements of this study shows a very flat energy ridge. This means
that for the Reynolds numbers in this study, the most energetic fluctuating eddies
in the radial velocity have approximately the same wavelength throughout the entire
boundary layer. Only in the largest Reynolds number case is the ridge observed to
be inclined, similarly to tangential measurements and the results from the spanwise
measurements by Hutchins et al. (2007) shown in Figure 1.10. While this could be
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due to measurement uncertainties for the radial velocity component (due to the large
angle between the measured direction and the velocity vector), it is also possible that
this is a fundamental difference of the radial turbulence on a rotating disk compared
to a zero pressure gradient boundary layer. It may however also be that the ridge
only starts inclining after a critical Reynolds number is reached. Marusic, Mathis, &
Hutchins (2010) noted that the inclined ridge in the spanwise and wall-normal energy
spectra is characteristic for attached eddies, which then suggests that a flat ridge as
observed for the radial velocity component here is characterized by detached eddies.
Note that the spectra for the Re = 1093091 measurement in Figure 3.13d is more
oval in shape as opposed to for example the spectra at the same RPM in the tangential
direction (refer to Figure 3.10d), which is more banana shaped. This suggests that
there is no outer peak in the radial energy spectrum. This observation agrees with
the radial turbulent intensity plots in Figure 3.8 which suggest that the peak in the
turbulent intensity has been reached and that the turbulent structures will become
less energetic even closer to the wall. Considering Figure 3.13a, it can be seen that
the energy peak is reached at approximately z/δ = 0.043 and λy /δ = 0.15, which
is about the same wall-normal location as where the peak is estimated to be for the
equivalent tangential measurement (refer to Figure 3.10a), but at a lower wave length.
The maximum encountered frequencies with significant energy in the radial energy
spectra can be found similarly to the tangential frequencies using Figure 3.13 and the
maximum measured radial velocity. The frequencies obtained are: fa,max ≈ 2.9 kHz,
fb,max ≈ 6.4 kHz, fc,max ≈ 9.3 kHz and fd,max ≈ 6.3 kHz. These are all lower than the

112
corresponding tangential measurements. In addition, since the maximum velocity
in the radial direction is so much lower, the energy content in the radial velocity
fluctuations is an order of magnitude less than for the tangential velocity fluctuations.
Thus, the temporal resolution errors are likely significantly smaller for the radial
mesurements than it was in the turbulent measurements. The minimum encountered
wavelengths are smaller for the radial measurements than for the tangential however,
which may explain why not even better collapse of the radial data is observed.
It should be noted that no energetic perturbation lines can be observed in the
radial turbulent energy spectra plots despite the fact that these measurements are
taken at the exact same coordinates on the disk as the tangential measurements. It
is uncertain what this implies, but this fact may be the key to understanding how
the disk oscillation perturbations interact with the wall-bounded flow.

3.5

Higher Order Statistics
This chapter will discuss the higher order moments of the velocity distributions of

the rotating disk boundary layer. The third and fourth moments of the probability
density function describes the skewness (asymmetry) and the kurtosis (flatness) of
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the measurement signal respectively (Kulandaivelu, 2011). For a set of measurement
data in the tangential direction, the skewness and flatness is defined by:
u3
Su = 3 = 
σ

1
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PN
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Figure 3.14. Skewness of the tangential velocity component as a function of the wall-normal distance in inner scaling. 2DTBL measurement data from Kulandaivelu (2011).
Here, Su and Ku are the tangential skewness and flatness functions respectively, u
is the fluctuating component of the tangential velocity and σ is the standard deviation
of the tangential velocity. Skewness is a measure of the symmetry as compared to a
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Gaussian distribution of the probability density function (in this case the fluctuating
velocity component u), while kurtosis is a measure of the flatness (Tennekes & Lumley,
1972; Kulandaivelu, 2011). Zero skewness represents a symmetric distribution, while
a large negative or positive value represents that the distribution is skewed around
the mean such that it has a long tail on a side. The kurtosis value represents how
sharp or blunt the peak of the distribution is compared to a Gaussian distribution.
A Gaussian distribution has a kurtosis of 3. Figure 3.14 and Figure 3.15 shows the
tangential skewness plot for all turbulent measurements in inner and outer scaling
respectively, while Figure 3.16 and Figure 3.17 shows the flatness of the tangential
velocity in inner and outer scaling respectively. The figures are compared with a
few smooth-wall 2DTBL measurements taken from the dissertation by Kulandaivelu
(2011).
As Figure 3.14 illustrates, there is no collapse of the skewness data in inner scaling
for any wall-normal range, while good collapse of the data is observed for the outerscaled skewness from approximately z/δ = 0.4 to the edge of the boundary layer
(Figure 3.15). Similar to the mean velocity and turbulent intensity, the skewness
plots diverge closer to the wall in outer scaling, which is not unexpected. In inner
scaling, the skewness shows a trend of becoming larger as the Reynolds number is
increased, with the exception of the largest Reynolds number case which deviates
from this behavior in the inner half of the boundary layer.
Note that for both inner and outer scaling, the tangential skewness is almost completely negative for all the data sets with the exception of the two measurements
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Figure 3.15. Skewness of the tangential velocity component as a function of the wall-normal distance in outer scaling. 2DTBL measurement data from Kulandaivelu (2011).

carried out on the small disk, which become slightly positive closer to the wall. The
skewness plots also shows that the distribution of the velocity fluctuations in general
become more symmetric as the wall is approached and that the distribution is very
asymmetric in the wake region. The large negative skewness value at the edge of the
boundary layer implies that the flow here is characterized by frequent low-speed fluctuations caused by the sharp transition from the highly rotational turbulent boundary
layer to the irrotational freestream outside (Kulandaivelu, 2011). Although the flow
outside of the boundary layer can not be considered a freestream in the rotating disk
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flowfield, the fluid outside the boundary layer is irrotational, thus it is likely that the
same interactions are taking place.
Compared to the 2D measurement data, both Figures 3.14 and 3.15 shows that
the skewness of the measurements approaches zero much slower as the wall-normal
distance is reduced. This does not seem to be Reynolds number dependent, rather
it likely highlights a fundamental difference between 2D and 3D turbulent boundary
layers; that the velocity fluctuations in a 3DTBL is asymmetric for a much larger
part of the boundary layer as opposed to its two-dimensional equivalent.
Note that outside the boundary layer it is expected that the skewness goes back
to zero. While the skewness rapidly falls from its peak value (approximately Su = −3
to −3.5), the value outside of the boundary layer does not go back to zero. Neither
does it appear to stabilize at any specific value. Kulandaivelu (2011) notes that
smoothness of the higher order statistics indicates that the sampling time is large
enough to obtain converged statistics. While all of the plots in the skewness figures
are smooth, they cease to be so at the edge of the boundary layer as seen very
clearly in Figure 3.15. The sampling time was 2 minutes for every measurement
point, which suggests that something may have been interfering with the air outside
of the boundary layer such that steady state was not achieved for the measurements
made there. This may be due to swirling air-currents being entrained as a result
of not using the guiding vanes or due to the air conditioner in the room potentially
having interfered with the experiment. What effect, if any, this might have had on
the boundary layer measurements are uncertain.
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Figure 3.16. Kurtosis of the tangential velocity component as a function of the wall-normal distance in inner scaling. 2DTBL measurement data from Kulandaivelu (2011).

The kurtosis of the measurements are seen to collapse quite well inside of approximately z + = 300 in inner scaling (Figure 3.16), while it collapses well for the entire
boundary layer in outer scaling (Figure 3.17). Figure 3.17 illustrate that the kurtosis
is very close to the Gaussian value of 3 for z/δ < 0.2 and increase rapidly to a peak
for z/δ > 0.8. A large positive kurtosis means the distribution of the velocity fluctuations is arranged in a thin, sharp peak. As opposed to the skewness, the flatness plots
show that the kurtosis falls back to approximately the Gaussian value outside of the
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Figure 3.17. Kurtosis of the tangential velocity component as a function of the wall-normal distance in outer scaling. 2DTBL measurement data from Kulandaivelu (2011).

boundary layer, however still with significant scatter, especially for the Reτ = 1457
data.
Comparing the kurtosis of the 2D and 3D measurements, it is seen that they both
follow the same trends. However, similarly to the skewness, the 3DTBL kurtosis also
approach the Gaussian value more slowly as the wall is approached.
The skewness and kurtosis in outer scaling for the radial velocity component can
be seen in Figure 3.18 and Figure 3.19 respectively. Opposing the observations made
for the tangential skewness plots, the radial skewness is exclusively positive inside
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Figure 3.18. Skewness of the radial velocity component as a function
of the wall-normal distance in outer scaling.

the boundary layer. All the data sets express similar behavior when approaching the
wall, but only the skewness of the two measurements on the small disk (Reτ = 1179
& 1457) seems to collapse well inside the entire boundary layer. The largest Reynolds
number measurement (Reτ = 1933) shows a local minimum inside the boundary layer
before increasing again, which might be comparable to the behavior of the skewness
plots by Kulandaivelu (2011) in the near-wall region. That this behavior is observed
in Figure 3.18 relatively far from the wall may be another sign that something is
amiss with this data set. This could potentially also be attributed to rough-wall
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Figure 3.19. Kurtosis of the radial velocity component as a function
of the wall-normal distance in outer scaling.

effects. Significant data scatter can still be observed outside of the boundary layer
for all data sets.
The behavior of the radial kurtosis in Figure 3.19 is very comparable to the outerscaled tangential kurtosis plots with two main differences. First, the collapse of the
data inside the boundary layer is not as good. The two data sets from the small
disk (Reτ = 1179 & 1457) collapse well, but the data from the two measurements
from the large disk (Reτ = 919 & 1933) is deviating close to the wall and the lowest
Reynolds number measurement (Reτ = 919) is also deviating from the rest in the
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range 0.4 < z/δ < 0.9. Second, the peak of the kurtosis near the edge of the boundary
layer is lower for the radial than the tangential measurements.

3.6

Errors & Uncertainties
The sources of errors and uncertainties in the measurements that have been dis-

cussed so far, will be summed up and attempted quantified in this section.
In essence, the measurement uncertainties can be divided into three main categories, i.e.,
1. Spatial & temporal resolution: When the inner-scaled hot-wire length, l+ ,
and the frequencies present in the flow, becomes large, the hot-wire signal may
suffer significant signal attenuation (amplification of certain frequencies is also
possible in certain cases). Particularly the hot-wire signal response to the smallscale, high frequency fluctuations that mainly reside close to the wall, is attenuated.
Hutchins et al. (2009) studied the effects of spatial and temporal resolution on
the inner peak of the inner-scaled turbulent intensity. Considering the spatial
resolution, the results of the study suggests that 15 − 43 % error must be
expected for sensors with inner-scaled sensor lengths between 30 and 70, which
was the estimate for the present study.
Considering the temporal resolution, Hutchins et al. (2009) suggested that
∆t+ = ∆tUτ2 /ν = Uτ2 /fs ν < 3 was necessary for the temporal signal atten-
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uation to be negligible. Here, ∆t+ is the inner-scaled time between samples, ∆t
is the time between samples, and fs is the sampling frequency. For ∆t+ = 20
and 50 the signal error is approximately 6 − 8 % and 15 − 23 % respectively, depending on the Reynolds number of the flow. Hutchins et al. (2009) also noted
that a poorly chosen filter will result in the same error as having a sampling
frequency that is too low. Thus, the cut-off frequency of the employed filter,
if any, is used for fs when calculating ∆t+ . In the present study, the low-pass
filter that was used had a cut-off at 12 kHz. Using this value for fs , it can be
calculated that ∆t+ for the current study ranges between approximately 5 − 25.
This ∆t+ range will result in a worst case error from temporal resolution of
8 − 12 %.
Thus, the errors caused by the combined hot-wire resolution issues can be quite
significant and must be paid better attention to.
2. Hot-wire conduction: The hot-wire was observed to be conducting to the aluminum disk while in close proximity to the surface. This effect will be less the
faster the flow passes the hot-wire filament. Therefore, it is expected that the
error from hot-wire conduction is larger for lower RPM, smaller measurement
radii and radial velocity measurements; all resulting in lower local velocities. A
bounding error can therefore be estimated from the tangential radial measurement that had an overshoot from the theoretical value close to the disk surface.
The error is found to be as high as 35-40% for this particular measurement.

123
Every other measurement should have errors from hot-wire conduction that is
lower than this.
3. Disk wobble: That the disk surface could not be made completely flat (disk being slightly warped), made the relative distance between the hot-wire anemometer and the disk surface change over the course of one revolution of the disk.
This disk surface wobble have a range of adverse effects.
• The measurements are spatially averaged as the hot-wire height is not fixed
with respect to the disk surface.
• Over the course of a revolution of the disk, the wobble makes it impossible
to resolve the turbulent structures that are present within a wall-normal
distance smaller than the disk surface displacement. For example, to resolve the inner peak of the turbulent intensity, the disk oscillation amplitude must be smaller than 15 wall units, z + , or the hot-wire will either
impact the disk or not get close enough to resolve the inner peak.
• The disk wobble may turn the boundary layer into a rough-wall boundary layer, which will introduce a wall-normal offset and likely change the
turbulent statistics (Schultz & Flack, 2007).
• The wobble was identified as energetic frequencies in the energy spectra,
penetrating deep into the boundary layer and likely interacting with the
large-scale turbulent motions, which in turn modulates the near-wall turbulence. This effect would cause measurement uncertainties that can not
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be quantified without comparison with similar “clean” measurements; i.e.,
measurements with no surface wobble.
The disk wobble errors are difficult to quantify when accurate surface displacement measurements are unavailable. However, some insight into the magnitude of the measurement uncertainty, caused by the disk surface being slightly
warped, may be gained from the energy spectra plots. The magnitudes of the
inner peak and the wall-perturbation of the tangential turbulent measurement
at Reτ = 1933 (Figure 3.9d and 3.11b), are 1.2 and 5 respectively. Thus, the
signature from the disk wobble is approximately 4 times more energetic than
the energy production from the turbulence. Even when taking into account that
the actual turbulent energy production may have been reduced from hot-wire
resolution effects by as much as 50 %, the disk wobble is still more energetic.
This suggests that the uncertainties in the measurements, as a result of the disk
wobble, may be considerable.

125

4. Conclusions and Recommendations for Future Work

4.1

Conclusions
The turbulent boundary layer on a rotating disk is three-dimensional due to the

centrifugal pumping that sets up a cross-flow in the radial direction. The velocity
profile set up by the rotating disk has similarities to flow over a swept wing and
are also related to rotorblade and turbomachinery aerodynamics. An experimental
framework to study the three-dimensional turbulent boundary layer over a rotating
disk, at high Reynolds numbers, was built. Two different disks, one 48 in and the
other 24 in diameter was employed. Single hot-wire measurements over a range
of Reynolds numbers were carried out in the turbulent boundary layer to measure
the instantaneous velocity in the tangential and radial velocity directions. For the
turbulent data, the mean flow, turbulent intensity, energy spectra, skewness and
kurtosis of the flow were analysed and compared to prior 2D turbulent boundary
layer studies.
Over all, the turbulent measurements were found to collapse well from approximately z/δ > 0.3 − 0.4 in outer scaling. In the same range in inner scaling, and
closer to the wall in both inner and outer scaling, collapse of the data were in general
not observed, most likely as a result of measurement errors and uncertainties. Some
details of the most important findings of the present study are given below:
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1. The laminar measurements were shown to correspond well with the theoretical
rotating disk flow after a wall-normal offset was introduced. The exception to
this was a larger amplitude close to the inflection point of one radial data set.
It is believed that this was caused by conduction to the disk due to the low
magnitude of the radial velocity component.
2. The tangential turbulent data had an offset introduced based on the best fit
of the mean flow data to the law of the wall. All the tangential turbulence
data was observed to collapse fairly well in the outer half of the boundary layer
when scaled in outer variables. In inner variables, collapse of the data was in
general not good, especially closer to the wall. It is likely that these observations are a combined consequence of spatial and temporal resolution issues of
the hot-wire at small scales and large frequencies and the hot-wire conducting
to the disk. Based on the correlation between the estimated sensor length and
viscous length scale for the different measurements, the expected spatial resolution attenuation of each signal was found to agree quite well with observed data
trends. Temporal resolution issues causes signal attenuation or amplification
at large frequencies. Higher frequencies than initially anticipated have been
estimated to likely be prominent in the flow field. The highest Reynolds number measurement showed signs of resembling a rough-wall boundary layer (due
to the relatively large oscillations at this radius), which may explain some of
its deviations from other measurements. The displacement sensor is suspected
to be erroneous, thus it was not possible to accurately calculate the average
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roughness of the measurements. Spatial averaging due to disk oscillations and
uncertainties in setting the initial hot-wire wall-normal position may also be
sources of error in the measurements.
3. The radial turbulent data had no offset introduced. In general, the radial turbulence data was found to collapse better than the tangential turbulence data.
It is assumed that due to the radial velocity being lower than for the tangential, the energy content of the fluctuations and lower maximum encountered
frequencies will diminish the effects of hot-wire temporal resolution errors. The
wavelengths encountered are smaller than for the tangential measurements however. Thus, spatial resolution errors are still present in the radial measurements.
No perturbations were observed in the radial energy spectra, which may be key
to understanding the origin and influence of the perturbations on the rotating
disk flowfield.
4. The laminar measurements and the skewness and kurtosis plots for the turbulent measurements indicate that the flow outside of the boundary layer is not
completely steady. This can be alleviated by adding guiding vanes to the facility
to straighten out the flow as it leaves the disk. It is also important to ensure
that the air-conditioner does not interfere with measurements.
5. The main sources of errors and uncertainties in the measurements have been
identified as follows:
• Spatial and temporal resolution of the hot-wire.
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• Hot-wire conduction to the disk surface.
• Disk wobble and interactions between the wall perturbations and the large
and small-scale turbulent fluctuations in the boundary layer.
6. It was previously mentioned that high Reynolds number flow is considered to
be Reτ > 4000. The highest Reynolds number reached in this study was Reτ =
1933, which is far below what was initially planned for and it is debatable if this
can be considered a high Reynolds number 3DTBL flow. However, owing to the
significant errors and uncertainties, it is likely that reaching higher Reynolds
numbers would not have led to any significant changes in outcome for this study.
The study did however show that the Reynolds number can easily be changed
by changing the measurement radius or the RPM.

4.2

Recommendations for Future Work
The experiment carried out in this thesis is complex and it has proved itself to be

difficult to meet all the design goals. A lot of very valuable lessons have been learned
however. This section will discuss the most important changes that needs to be made
to the experimental apparatus and the procedures such that future experiments can
be successful. Other suggestions include changes or ideas for things that may be
valuable to pursue in more detail.
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4.2.1

Disk Size and RPM

One of the shortcomings of this study was that the Reynolds number range at
which measurements were carried out at were significantly lower than what was initially intended. While both a larger diameter disk and an increase in RPM can achieve
larger Reynolds number flow, there are advantages and disadvantages to both. It is
necessary to reach higher Reynolds numbers than was achieved in this study if one
wishes to distinguish the outer peak in the turbulent intensity and energy spectra
and the outer peak’s effect on the near-wall turbulence. Large Reynolds numbers are
reached more rapidly by increasing the disk radius than by increasing the RPM, as
the disk Reynolds number is proportional to the RPM , while it is proportional to
the square of the radius (refer to Eq. 1.1).
On the other hand, it is simpler to just increase the RPM, as the only requirement
for this is a more powerful motor. As discussed in the results however, the boundary
layer thickness decreases with increasing RPM, making it more difficult to reach
relative close proximity to the wall with the hot-wire. With a relatively slow rotating
disk and measurements carried out at large radii, much better relative proximity to
the wall can be achieved, as the boundary layer is thick. In conclusion, considering
two measurements at the same Reynolds number, the boundary layer thickness will
be thicker for the slower of two disks. The disadvantage is of course the challenge
of keeping the disk supported and the surface flat as the disk diameter is increased.
The increased size would also make the disk heavier and require a lot more power
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to rotate, due to how the motor power requirement scales with the radius (Eq. 2.6).
In addition, a larger diameter disk would require a larger diameter flange to support
it, making the motor load even greater. Thus, in addition to the already mentioned
challenges, a larger disk would require a significantly larger increase in power output
from the motor as opposed to the the power necessary to reach the same Reynolds
number by increasing the RPM alone.
The advantages that come with an increased boundary layer thickness are significant and should be considered despite its challenges. One advantage would be that
the viscous sublayer could be resolved and that more accurate measurements with
less spatial averaging can be carried out. Being able to resolve the viscous sublayer
is in itself interesting, but it would also provide an opportunity to directly measure
the wall shear stress. Wall shear stress measurement would allow for the independent
determination of κ and B to be used in the law of the wall for the rotating disk
wall-bounded flow.
It should also be mentioned that the centrifugal flattening (disk being lifted and
stretched and therefore becoming flatter at higher RPM) becomes more significant
for larger and more rapidly rotating disks. While an advantage in terms of reducing
unevenness in the disk surface, it does introduce a challenge when setting the hot-wire
wall-normal height. If at rest the disk is drooping at its edges, the centrifugal force
will lift the surface at high RPM, which will shift the pre-set height of the hot-wire.
Thus, in this case it would be necessary to implement a method to set the hot-wire
height above the surface while the disk is rotating at the desired RPM.
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4.2.2

Motor Power and Speed Control

The motor power output will have to be increased to improve the Reynolds number
range. This can either be achieved by replacing the motor with a powerful AC motor
or by a larger DC motor. As mentioned in the discussion on the choice of motor (refer
to Section 2.1.1), both motor types comes with some challenges. A bigger DC motor
would be simpler as it does not drift much over time and have readily available speed
controllers that can be connected and controlled by a computer through a DAQ board.
As noted in this study however, even the brushless DC motor was observed to drift
slightly. Thus, it is recommended to implement a closed loop feedback in the speed
control algorithm such that the RPM is kept completely steady. If implemented into
the same algorithm, RPM adjustments would have to be made between measurements
samples, which will increase the total time needed to carry out a set of measurements.
Instead it is recommended that a second computer control the speed, while the first
carries out the measurements.
An AC motor will provide adequate power, but servos and close-loop speed control
systems will be needed to adjust the RPM often to achieve steady operation. In this
case a secondary computer for speed control would be necessary as the observed RPM
drift over a 2 minute sample time span could be significant. While an AC motor may
not be very expensive, servos are. In the end, the choice comes down to which
system can be acquired and implemented into the current apparatus more cheaply,
after it has been determined that the options have sufficient power output. It is the
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recommendation of the author to oversize the motor significantly as it is difficult to
estimate the amount of friction experienced with larger disks and/or increased RPM.
The effect of friction was underestimated the first time around and should not be
repeated.
To complement the motor power output requirement it would be useful to consider
if the friction in the system can be reduced. It might be possible to acquire better
bearings and improve the alignment of the pulley mounted on the motor shaft with the
pulley mounted on the disk shaft. At low RPM, it is observed that the belt readjusts
its position with a jump every two rotations or so, which is a sign of unnecessary
friction as well as a source of measurement errors.

4.2.3

Disk Flatness

One of the significant issues faced as part of this study was the disk flatness. This
will have to be addressed to obtain accurate results. As previously discussed, the
oscillations in the disk adversely affect the measurements. Some suggested solutions
to this issue are as discussed below.

• Based on the experience of this experiment it is suggested that a thicker disk
be used. This would help ensure that the disk would not bend under its own
weight or warp during handling, machining or operation. It is the authors belief
that an aluminum plate with very good flatness characteristics can be obtained,
but it must be thick enough to be able to resist the machining and handling
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that is required to assemble the experimental apparatus. A bonus to a thicker
disk is that blind holes can be drilled from the bottom of the disk which would
allow for attachment to the flange without the need to drill or screw into the
top surface.
• There may be other materials that have better overall material properties than
aluminum for this kind of experiment. Glass comes to mind as a good alternative
and was used by Imayama et al. (2014) although with a significantly smaller
radius. The challenges with a glass disk would be supporting, centering and
safely securing it to the apparatus, as drilling into the surface is not a feasible
option. Another advantage by using a glass disk over an aluminum disk, is
the mitigation of hot-wire conduction to the wall. Plexiglass would be easier
to work with, but it is too easy to damage the surface of the material. If a
hot-wire impacted or scratched the surface it would likely have to be replaced.
• The author believes that the solution with the best potential is to let gravity
work out the disk flatness using some form of liquid rubber that dries on top of
the disk surface. A temporary frame must be built around the outer edge of the
disk to keep the liquid on the disk. If the rubber has fairly low viscosity and
takes a while to dry, gravity will completely flatten the surface. The method
runs the risk of dust sticking to the surface, thus measures should be taken to
have a clean environment or encapsulate the surface while it is being molded.
Another issue is that the disk shaft must be exactly parallel to gravity, or the
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disk surface will harden at an angle with respect to the axis of rotation, which
again will result in a surface wobble. A secondary advantage to this method
is that the rubber can be removed and reapplied if it gets damaged or dry at
an angle. Removing and reapplying the surface coating is significantly cheaper
and faster than replacing the disk.

4.2.4

Flow Stability

It is uncertain if the following changes would impact the flow stability and accuracy of the measurements, but being easy to implement they should be considered
nonetheless. First, it is suggested to use the guiding vanes to remove the swirl from
the flow after it leaves the disk. After conducting smoke flow visualisation, Littell
(1991) concluded that it was necessary to use vanes to straighten the flow in his rotating disk experiment. Although the room he used for the experiment was smaller
than that used in this study, it seems a good idea to follow his example, or verify that
it does not have any impact through a similar flow visualisation analysis. Second,
the air conditioner should be turned off or covered while carrying out any type of
measurement, including calibrations, and the room should always be closed off so
that no one can enter while measurements are being carried out.
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4.2.5

Hot-wire Accuracy

• Calibration of the hot-wire is critical while carrying out measurements. While
the calibrations and the resulting curves as part of this study were good, there
was an observable drop in the pressure output from the regulator used for the
calibration jet. The regulator should be replaced such that the output pressure
is steady to obtain the most accurate calibration curve possible. The hotwire angle sensitivity was also tested using the calibration jet with the leaking
regulator, so replacing it should also improve errors in the sensitivity curve.
• Due to the large angle between the velocity direction and the radial measurements, these measurements are likely to have significant errors. There are other
more accurate ways to measure the radial velocity component as described in
the appendix of the thesis of Littell (1991). For example, a pair of single hotwire sensors with known angles between them can be utilized. To use the
method described by Littell (1991), it is necessary to determine the exact angle
of the maximum mean velocity at every wall-normal distance to the wall, as the
measurement technique requires that the hot-wire be initially placed with the
probe stem parallel to the mean velocity vector. This requirement motivated
the MATLAB code to automatically determine the maximum mean velocity
angle. The code should be further tested and, if proven to work as intended,
should be used to determine the maximum mean velocity angle such that more
accurate hot-wire measurements can be made.
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• It was estimated that the inner-normalized hot-wire length used in this study
was approximately between 30-70, which is significantly larger than the suggested rule of thumb of l+ ≤ 20. In the future, separate hot-wires should be
used for separate measurements such that all the inner-normalized hot-wire
lengths are identical. This would help eliminate spatial resolution variations in
the turbulence intensity plots.
• Temporal resolution has been shown to cause significant errors in the turbulent
intensity and energy spectra in the near-wall region if substantial energies are
present at high frequencies (Kulandaivelu, 2011; Hutchins et al., 2009). It is
therefore important to measure the hot-wire frequency response and take into
account the largest expected frequencies in the flow when designing the experiment. If the estimates of the maximum frequency encountered in the flow (Eq.
3.7) are applicable to 3DTBLs, it indicates that fluctuations as large as 100 kHz
could have been present in one of the measurements of this study. Thus, it is
plausible that many of the observed trends close to the wall in the turbulent
intensity and energy spectra plots are affected by hot-wire signal attenuation or
amplification due to temporal resolution effects. The estimated maximum encountered frequencies of the flow also must be taken into account before filtering
the data.
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4.2.6

Perturbations

While not intended, the perturbations showed some interesting results that justify
further study. To be able to learn about the correlation between the perturbations
and the turbulence in the boundary layer, a study needs to be made with this in mind.
For this to be successful, it is necessary to have good unperturbed measurement data
to compare with. Thus, it is still necessary to have a completely flat disk for reference.
The surface of the disk can then warped by covering it with for example piezo-electric
patches that can be manipulated to the desired size perturbation. One of the main
challenges will be to find a way to provide the electrical current to the piezo-electric
elements that is attached to the rotating surface.
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A. Detail Pictures of Experimental Apparatus

Figure A.1. The shaft and its attachment between the two radial load
bearings. The pulley can be seen resting on the bottom before its is
attached to its useful location.
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Figure A.2. The top surface of the welding table base with the flange
and the eight support wheels visible
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B. Displacement sensor data

Figure B.1. Disk radial location: 0.19m.
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Figure B.2. Disk radial location: 0.34m.

Figure B.3. Disk radial location: 0.52m.

